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Abstract

Carbonic anhydrase (CA, EC 4.2.1.1), catalyzes the interconversion of CO2 and
HCO3 ’ in many organisms. The majority of CA activity in C3 leaves is in the chloroplast
and expression of the chloroplast CA is regulated by light.
To investigate the physiological role of the chloroplast CA, its expression was
suppressed by insertion of a CA transgene in the antisense orientation in Arabidopsis
thaliana (L.) Heynhold. Activity assays and immunoblots show that in five independent
lines of antisense transgenic plants CA activity was strongly suppressed. All five
independent lines died or grew poorly in the absence of sucrose whereas wild type plants
grew well in the same media. Antisense plants exhibited a phenotype comparable to wild
type plants on sucrose-free media only when grown in an atmosphere with elevated
levels of CO2 . The results support the notion that CA facilitates CO2 diffusion from the
atmosphere to the chloroplast and clearly show that CA plays a pivotal role in carbon
assimilation in C3 plants.
In order to investigate the regulation of expression of the chloroplastic CA, a CA
gene from Arabidopsis thaliana was cloned, sequenced, and characterized. Sequence
analysis of the S’end of the gene encoding the chloroplastic CA revealed the presence of
several c/s-acdng elements previously shown to mediate expression of genes encoding
chloroplast proteins. Serial deletions from the S’ end of the CA promoter were fused
with a reporter gene encoding 3-glucuronidase and introduced into Arabidopsis
thaliana. Deletion of an AT-rich palindromic sequence, designated AT-IP, resulted in
the largest decrease in GUS activity in transgenic plants. However, the presence of only

ix
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a second AT-rich palindromic sequence, designated TA-1P, upstream of the CAAT box
conferred leaf-specific expression. An expression library from Arabidopsis thaliana was
screened with a concatemer of AT-IP and yielded a partial clone. A cDNA containing
the entire coding sequence was obtained by 5’ RACE. Conceptual translation of this
cDNA reveals a unique protein containing two putative C2/C2 zinc fingers near the Nterminus followed by four putative CCHC zinc fingers.

x
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Chapter 1
Literature Review
Overview

Plants require light, water, and carbon dioxide (CO2) for photosynthesis, which
occurs in chloroplasts in higher plants. CO2 reacts with ribulose-1,5-bisphosphate
(RuBP) to yield two molecules of 3-phosphoglycerate in a reaction catalyzed by ribulose
-1, 5-bisphosphate carboxylase/oxygenase (rubisco). Rubisco catalyzes not only the
carboxylation of ribulose 1,5-bisphosphate but also its oxygenation. C02 and 0 2
compete as alternative substrates for reaction with ribulose 1,5-bisphosphate since
carboxylation and oxygenation occur at the same active site of the enzyme. The
oxygenation reaction yields phosphoglycerate and phosphoglycolate and so represents a
loss of productivity in plants. The phosphoglycolate is subsequently recycled to
phosphoglycerate with the loss of one C02 and so this process is called photorespiration
(Beny and Downton, 1982).
The relationship between carboxylation and oxygenation in a leaf depends on the
kinetic properties of rubisco, prevailing temperatures, and the concentrations of C 02 and
0 2. Higher temperature and high 0 2 concentration favor the oxygenation reaction.
When photorespiration is reduced by either increasing ambient levels of C02 or reducing
levels of 0 2, both the accumulation o f vegetative diy matter and nitrogen use efficiency
in C3 plants are enhanced (Oaks, 1994). The concentration of rubisco active sites within
the chloroplast stroma is about 4 mM, or about 500 times greater than the concentration
of C02 (Badger and Price, 1994). However the carboxylation reaction occurs even at
low C02 concentration because the carboxylation reaction is thermodynamically favored
1
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(AG° = -12.4 kcal / mol) and the affinity of rubisco for CO2 is greater than for O2
(Andrews and Lorimer, 1987). Therefore, rates of photosynthesis normally are adequate
for plant growth and development.
Rubisco activity, the regeneration of R11BP, or the metabolism of the triose
phosphates can regulate rates of carbon dioxide fixation under various conditions. In
lower than ambient or ambient concentrations of CO2 and high light, rubisco activity is a
limiting factor, whereas the availability of RuBP is a limiting factor at high CO2
concentrations and low light. In addition, light-dependent ionic movements are also
thought to regulate the activation of rubisco. Catalytically active rubisco is formed when
an activator CO2 reacts with the uncharged NH2 group of a specific lysine to form a
carbamate within the active site of rubisco. This activation is promoted by the increased
pH and Mg2* concentration in the stroma as a result of photosynthetic electron
transport. A covalent thiol-based redox-system also regulates carbon dioxide fixation.
Carbonic Anhydrases
The CO2 for photosynthesis diffuses into the chloroplast. Thus, appropriate
concentration gradients are required for adequate diffusion of CO2 from the leaf surface
to the chloroplast. Carbon dioxide difiuses from stomatal pores to chloroplasts through
substomatal cavities, intercellular air spaces, cell walls, cell membranes, and cytosols.
Each portion of this diffusion pathway imposes a resistance to CO2 diffusion, so the
supply of CO2 for photosynthesis is described as a series of resistances (Jarvis, 1971).
Carbonic anhydrase (CA, EC 4.2.1.1.) clearly plays a role in overcoming these
resistances to CO2 diffusion in C4 plants and microalgae. In the cytosol of mesophyll
cells of C4 plants, CO2 is converted into HCO3' by CA through the following reaction:
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C0 2 + H2 0

H2 CO3 ^ HC03‘ + IT

The HCO3 ' is then incorporated into a four-carbon dicarboxylic acid (malate or
aspartate) in the cytosol of mesophyll cells by phosphoenol pyruvate carboxylase
(PEPcase). Four-carbonacids are transported from the mesophyll cells to the bundle
sheath cells, and then decarboxylation of the four-carbon acid takes place to generate a
high C02 concentration in the bundle sheath cells. Thus, in C4 plants, CA is the first
enzyme in CO2 fixation. The rate o f photosynthesis in the presence o f CA in C4 higher
plants is estimated to be 10,000 times higher than that in the absence o f CA (Burnell and
Hatch, 1988). Several studies indicate that the activities of both PEPcase and CA may
be regulated tightly in the mesophyll of C4 plants (Burnell et al., 1990b).
CA also plays significant roles in photosynthesis o f green microalgae and
cyanobacteria. In cyanobacteria, an active CO2 concentration mechanism (CCM)
elevates C 0 2 around the active site o f rubisco. The functional CCM has two
components: an inorganic carbon (C,-) transport system that actively accumulates Ci from
the surrounding medium and a carboxysome. Both rubisco and CA are located within
the carboxysome where CA dehydrates the accumulated HCO3 '. The C 0 2 produced is
restricted in diffusion so that a local C 0 2 elevation take places within the carboxysome.
Among microalgal species, the CCM o f Chlamydomonas reinhardtii is best
characterized. This alga contains multiple CA isozymes located in the pyrenoid, cytosol,
external periplasmic space, and mitochondria. The major periplasmic CA in C.

reinhardtii is induced under low C 0 2 condition to allow more efficient acquisition of
C 0 2 (Fukuzawa et al., 1990; Sultemeyer et al., 1993).
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In C3 plants, most CA activity is localized in the chloroplast stroma. CA has
been thought to enhance CO2 diffusion between the cytosol and rubisco by converting
CO2 to HCO3*in the stroma and thus maintaining a gradient for C0 2 diffusion into the
chloroplast (Cowan 1986). Other proposed roles for CA include maintaining the supply
of CO2 to rubisco by converting HCO3' to CO2, or modulating buffering capacity of the
chloroplast stroma (Jacobsen et al., 197S). Finally, some researchers have suggested
that a special association between CA and rubisco could elevate the local CO2
concentration at the active site of rubisco (Badger and Price, 1994).
In addition to its role in photosynthesis, CA activity also has been detected in
thermogenic reproductive tissues, tissues involved in symbiotic N2 fixation, and lipogenic
tissues (Raven and Newman, 1994). CA activity was first detected in N2-fixing root
nodules of legumes by Atkins (1974). Further studies showed that CA is expressed in
the Rhizobium-'mduced nodule primordium and is also expressed when alfalfa roots are
treated with cytokinin (Coba et al., 1997). CA was suggested to play a role in pH
regulation and/or CO2/HCO3* transport during nodule initiation.
Recently, cDNAs encoding many chloroplastic CAs from higher plants such as
spinach (Fawcett et al., 1990), pea (Majeau and Coleman, 1991), Arabidopsis thaliana
(Raines et al., 1992, Kim et al., 1994), and tobacco (Majeau and Coleman, 1992) have
been cloned and sequenced. All of these chloroplast CAs are members of the 0-family of
carbonic anhydrase. An Arabidopsis cDNA encoding a cytosolic CA has also been
cloned (Fett and Coleman, 1994) and characterized. The amino acid sequence of the
cytosolic CA ofArabidopsis exhibits 84.6 % identity to that of the mature polypeptide of
the chloroplast enzyme. A cDNA encoding a cytosolic CA was isolated from Solanum
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tuberosum and immunocytolocalization experiments confirmed the location o f the
protein (Rumeau et al., 1996). In spite of the existence of a cytosolic enzyme, the
overwhelming majority of CA activity (87 %) is localized in the chloroplast stroma
(Rumeau et al., 1996).
Expression of the CA1 gene, which encodes the CA localized in the chloroplast
stroma, is regulated by light and CO2 . (Fett and Coleman, 1994, Rumeau et al., 1996).
In Arabidopsis thaliana, the CA1 gene encodes a 36.1 kD polypeptide which is
processed to yield a mature protein of 24.3 kD. Although CA is freely soluble, results
of both microscopic and mass spectroscopic studies indicate that some CA is associated
with thylakoid membranes (Rumeau et al., 1996). The cytosolic CA2 isoform lacking a
transit peptide is predicted to yield a mature protein of 28.3 kD and is not regulated by
light. This suggests that the function of the cytosolic CA2 might be related to amino
acid biosynthesis or anapleurotic reactions to replenish intermediates of the citric acid
cycle rather than photosynthesis (Champigny and Foyer, 1992).
The amino acid sequence of a cytosolic CA in mesophyll cells of the C4
dicotyledonous plant, Flaveria bidentis (Calvallaro et al., 1994) has 70 % homology
with those of the chloroplastic CAs in C3 plants. The deduced amino acid sequences of
CA from the monocots rice (Suzuki et al., 1995) and barley (Bracey and Bartlett, 1995)
reveal 74 % similarity to those of the dicot CAs. This is surprising since CAs from both
dicots and monocots have different quaternary structure, inhibitor response, stability and
kinetics (Atkins et al., 1972).
The carboxysomal CA (ic/A) from cyanobacteria is similar to CA from higher
plants (22 %) and the cynT gene product from E. coli (31%). The cyriT gene is part of
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the cyanate operon and was previously thought to encode a cyanate permease (Guiloton
et al., 1992). These CAs in the chloroplast stroma and the cytosol of higher plants, the
ic/A gene product from cyanobacteria and the cyanate permease (cynT) from E. coli all
belong to P-family of CA.
CAs from animals and the periplasmic enzymes (CAH1 and CAH2) from the
green alga Chlamydomonas reinhardtii are members of the a-family of carbonic
anhydrases (Hewett-Emmett and Tashian, 1996). Amino acid sequences of a-CAs have
no similarity to those of P-CAs, suggesting that the gene families arose independently.
Seven CA isozymes identified from mammals differ in subcellular localizations, including
cytoplasmic (CA I, n, m , and VII), glycosylphosphatidylinositol (GPI)-anchored to the
plasma membranes of specialized epithelial and endothelial cells (CA IV), mitochondrial
(CA V), and in salivary secretions (CA VI) (Sly and Hu, 1995). They also differ in
kinetic properties, susceptibility to certain inhibitors, and tissue-specific distribution.
CAs in animals participate in a variety of physiological processes such as pH regulation,
CO2 and HCO3' transport, ion transport, and water and electrolyte balance. Although

the well characterized animal a-CAs are quite different from plant p-CA enzymes in
primary sequence, multimeric assembly, and the active site structure (Bracey et al.,
1994), both families have similar kcat values of 10s-106 s’1per subunit (Rowlett et al.,
1994). Both a- and P-families contain a number of isozymes found in different
subcellular locations which also vary in their susceptibility to inhibitors and tissuespecific distribution.
The y-CAs are found so far in Archaebacteria, Eubacteria and some plants. The
product of the ccmM gene from cyanobacteria which is associated with carboxysome
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(Price et al., 1993) is a y-CA. Interestingly, Arabidopsis expresses all three types of CA
(Hewett-Emmett and Tashian, 1996), but little is known about the function or
distribution o f members of the a-C A family or the y-CA family in higher plants.
Some researchers have attempted to define the role o f CA in C3 plants using the
CA inhibitor ethoxyzolamide. A photoacoustic pulse-modulation technique showed that
the CO2 uptake signal in tobacco discs could be substantially suppressed by
ethoxyxolamide (Reising and Schreiber, 1994). The effects o f the ethoxyzolamide on
peeled and vacuum infiltrated leaf pieces of C3 and C4 plants showed that
photosynthesis at limiting inorganic carbon was more severely inhibited in C4 plants than
in C3 plants (Badger and Pfanz, 199S). Interpretation of these inhibitor studies is
difficult since ethoxyxolamide is a better inhibitor of a-CAs than (3-CAs. In addition, it
is difficult to assess whether the inhibitior reaches the target enzyme in complex tissues.
Two independent groups recently suppressed CA specifically in transgenic
tobacco using an antisense technique (Majeau et al., 1994; Price et al., 1994).
Transgenic tobacco plants with CA levels as low as 2 % of wild type levels were not
morphologically distinct from the wild type plants when grown on soil under optimal
conditions. This large reduction in CA had no measurable effect on net CO2 fixation at
ambient CO2 concentration (350 ppm) and an irradiance of 1000 pmol quanta m'2 s'1
(Price et al., 1994). In addition, no significant differences in rubisco activity, chlorophyll
content, dry weight per unit leaf area, stomatal conductances, or the ratio of intercellular
to ambient CO2 partial pressure could be detected. The only parameters that showed
significant changes were stomatal conductance, which was slightly increased (0.4 vs.
0.45 mol m'2 s'1) and l3C isotope discrimination, which was slightly decreased (about
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1%0). This reduction in isotope discrimination can be equated to a 15-20 ppm decrease
in the average chloroplast CO2 concentration. With these results, Badger and his
coworkers (Price et al, 1994) suggested that C3 plants require minimal CA.
Results obtained by Coleman and his coworkers generally confirm those of
Badger’s group (Majeau et al., 1994). The reduction of tobacco chloroplast CA to 1 %
of wild type activity did not affect leaf chlorophyll content or leaf fresh weight.
Microscopic analysis of leaf sections from transgenic plants did not reveal any major
differences in cell morphology, cell thickness or number of stomata. Cellulose nitrate
imprints of stomata indicated that antisense plants had more open stomata than did
control plants. Coleman’s group also observed that antisense plants seemed to be more
susceptible to water stress than control plants. Overexpression of the cytosolic CA
resulted in a significant increase in net activity and a small increase in stomatal
conductance but had little impact on CO2 assimilation.
Both the Coleman and Badger groups concluded that CA in C3 plants may
simply aid in the facilitated diffusion of CO2 through the cytosol and the chloroplast
stroma. Furthermore, Badger’s group suggested that chloroplastic CA is either not
required for efficient photosynthesis or would enhance CO2 assimilation by only about
five percent (Price et al., 1994).
In chapter Three of this dissertation, I describe results o f my experiments in
which the antisense approach was used to investigate the role of the stromal CA in
Arabidopsis thaliana. In contrast to results of previous studies, transgenic plants
expressing stromal CA in the antisense orientation showed a striking phenotype; they
grew well on Murashige-Skoog (MS) media containing sucrose, but they grew poorly or
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died when grown on the same media lacking sucrose. Growth on sucrose free media
was restored in an atmosphere containing high levels of CO2 . These results support the
notion that the stromal CA is required for photosynthesis. Furthermore, the role of CA
in photosynthesis is critical.
Regulation o f Expression o f Chloroplast Carbonic Anhydrase

The expression of genes encoding most chloroplast proteins is tissue specific and
is regulated by light. Results of some studies have suggested that there may be co
ordinate regulation of CA and rubisco expression in C3 plants. Cowan (1986) suggested
that such a constant balance may be necessary for optimal nitrogen use in the leaf.
Enzymatic activity and mRNA levels of both CA and rubisco were regulated in an
almost identical fashion during development of pea leaves. Furthermore, a constant ratio
of rubisco to CA appeared to be maintained among cultivars with different
photosynthetic capacities (Majeau and Coleman, 1994). Rubisco activity and leaf soluble
protein appeared to be significantly increased in transgenic plants over-expressing the
chloroplast CA (Majeau and Coleman, 1994). In one study, transgenic plants
underexpressing rubisco had wild type levels of CA (Sicher et al., 1994) whereas in
another study underexpression of rubisco led to a SO% decrease in CA levels (Hudson et
al., 1992). Similarly, transgenic plants underexpressing CA have wild type levels of
rubisco (Price et al., 1994; Majeau et al., 1994). These results indicate that co-ordinate
expression of CA and rubisco is not obligatory. However, expression o f both clearly is
mediated by some of the same environmental and developmental signals. Transgenic
plants over-expressing the cytosolic CA did not exhibit any major change in rubisco
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activity or leaf soluble protein. These results again point to a role of the cytosolic CA in
some metabolic pathway other than photosynthesis.
As expected, abundance of CAl transcripts is regulated by light in Arabidopsis
and pea (Majeau and Coleman, 1994; Fett and Coleman, 1994). Ozone exposure,
methyl jasmonate treatment, and high levels o f CO2 depress CA transcript levels in
tobacco and Arabidopsis (Orvar et al., 1997). However, since the CA1 promoter has
not been sequenced, cis acing elements modulating CA expression have not been
identified.
Cis acting sequences and trans-acting factors that mediate expression of the
genes encoding the small subunit of rubisco have been identified by a number of groups.
The GT-box which has the broad consensus sequence (G/T-A/T-GTG-Pu-A/T-AA-A/TPu-A/T), was reported to confer positive light regulation on an otherwise lightinsensitive promoter (Green et al., 1987, Kuhlemeier et al., 1988). On the other hand,
the GT-box binding protein from rice, GT-2, binds with high sequence specificity to two
GT elements, GGTAATT (GT2 box) and GGTAAAT (GT3 box) which mediate
constitutive transcription of the rice phyA promoter. Thus, at present the role of the GTbox in light regulated gene expression is not clear. Multiple GT-binding factors may
exist in plants. It is possible that differences in their distribution or in their affinities for
various GT-box sequences can mediate different patterns of expression. cDNAs
encoding GT-box binding proteins from tobacco, rice and Arabidopsis have been cloned.
Each protein contains a helix-loop-helix DNA binding domain.
The G-box sequence, CACGTG, is found in many plant promoters. G-boxes
appear to be involved in mediating expression of diverse stimulatory pathways (Menkens
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et al., 1995) as well as in mediating light-regulated expression (Donald and Cashmore,
1990). G-boxes are found in plant promoters that respond to light, anaerobiosis, p~
coumaric acid, and hormones such as abscisic acid, ethylene, and methyl jasmonate
(Menkens et al., 1995). G-box binding proteins (GBF) from plants bind DNA via basic
leucine-zipper (bZIP) motifs and contain proline rich regions at their amino termini as
activating domains (Foster et al., 1994). Most GBFs bind to DNA as homodimers.
The I-box or GATA motif has been identified as a regulatory element in
promoters of many light-regulated genes (Terzaghi and Cashmore, 1995). Deletion and
mutation of the I-boxes in the rbcS promoter of maize (Schailher et al., 1991) or the
phytochrome promoter of Lemrta gibba (Kehoe et al., 1994) shows that I-boxes are
critical for light induction. Although the I-box has the consensus sequence GATAAG,
sequences flanking the I-box affect binding of trans-acting regulatory proteins (Borello et
al., 1993). Consequently, I-box binding proteins do not have highly conserved DNA
binding domains.
AT-rich DNA sequences, first reported as c/s-elements in yeast (Russell et al.,
1983), have been found in the tomato rbcS3 A (Ueda et al., 1989), pea rbcS3A (Lam et
al., 1990), Nicotianaplumbagimifolia Cab E (Castresana et al., 1988), maize Cab-ml
(Datta and Cashmore, 1989), oat phyA3 (Nieto-Sotelo et al., 1994), L. gibba NPR2
(Kehoe et al., 1944), and pea GS2 promoters (Tjaden and Coruzzi, 1994). AT-rich
sequences have been reported to be positive (Lam et al., 1990; Czamecka et al., 1992)
or negative elements (Castresana et al., 1988). The 3AF1 site of the pea rbcS-3 A
promoter contains AT-rich sequences flanking the I-box (5 *AAATAGATAAATAA
AAACATT) (Lam et al., 1990). This 3AF1 site confers light-responsive, but not organ
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specific, expression and enhanced GUS activity in both roots and leaves (Kuhlemeier et
al., 1989). A protein containing two Cys-X2-Cys-Xu-His-Xi2-Cys repeats binds the
3AF1 sequence (Lam et al., 1990). However, it is not clear whether the transcriptional
enhancement or the binding specificity of the 3AF1 site is mediated by the AT-rich
sequence or the I-box. Deletion of an AT-rich sequence (5’GACATAGAAATCAAAA
TTGTATAAATTCAAAAA3 ’) from the promoter of the gene encoding chloroplast
glutamine synthetase promoter (GS2) resulted in a 10-fold reduction in activity of the
reporter enzyme 3-glucuronidase (Tjaden and Coruzzi, 1994).
An AT-rich DNA binding protein (ATBP-1) isolated from a tobacco expression
library contains an amino terminal glutamine-rich domain which could be a
transcriptional activator (Tjaden and Coruzzi, 1994). The carboxyl-terminal domain
contains five repeats o f the GRP (Gly-Arg-Pro) motif or “AT-hook”. The GRP motif is
the consensus peptide o f the mammalian high-mobility group of DNA binding proteins
(Reeves and Nissen, 1990). Tjaden and Coruzzi (1994) found that that ATBP-1 can
bind AT-rich elements from several promoters such as the pea rbcS promoter (Lam et
al., 1990), the tobacco CabE promoter (Catta and Cashmore, 1989), the pea ferredoxin1 promoter, and wheat emb promoter (Pederson et al., 1991) and the soybean
Gmhspl7.5E promoter (Czamecka et al., 1992). ATBP-1 was estimated to be 40-45 kD
(Schindler and Cashmore, 1990) or 46-69 kD (Czamecka et al., 1992). The interaction
between ATBP and an AT-rich sequence was inhibited by phosphorylation (Datta and
Cashmore, 1989; Gurley et al., 1993; Tjaden and Coruzzi, 1994). Interestingly,
transcription of ATBP-1 was not induced by light (Tjaden and Coruzzi, 1994). Another
AT-rich DNA binding protein from rice interacts with the oat phytochrome A3 promoter

R ep ro d u ced with p erm ission o f the copyright ow ner. Further reproduction prohibited w ithout p erm ission.

(Nieto-Sotelo et al., 1994). The protein is 213 amino acids long and contains four
repeats of the AT-hook DNA binding motif. However, the rice protein contains a
histone HI domain at its N-terminus instead of a glutamine rich domain, and so is
distinct from ATBP-1.
In summary, cis-elements regulating expression of several proteins that function
in the chloroplast have been identified. However, no studies of regulation of a gene
encoding a stromal CA have been undertaken. To address this, an analysis of the CA1
gene from Arabidopsis was undertaken. The gene was cloned, sequenced and
characterized. Results of these studies are presented in chapter 2. C/s-elements in the
promoter were identified and one, AT-1P, was shown to mediate high level expression of
a reporter gene. Finally, a cDNA encoding a protein that binds AT-1P was cloned and
sequenced. The results of these studies are presented in chapter 4.
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Chapter 2
Isolation and Characterization of a Gene Encoding Chloroplast Carbonic
Anhydrase from Arabidopsis thaliana

Introduction

The zinc metalloenzyme carbonic anhydrase (CA) catalyzes the reversible
hydration of C0 2 as shown in the following reaction:
CO2 + H2 O ^

H2 CO3 ^

HCCV + H”

In C3 plants, CA is localized in the chloroplast stroma where it presumably facilitates
CO2 fixation by ribulose-l,5-bisphosphate carboxylase/oxygenase (rubisco) (Graham et
al., 1984). Despite the relative abundance of CA in the leaves of higher plants, the
primary structure of the enzyme was not known until recently. However, many CA
cDNAs from higher plants have now been cloned and sequenced. The first CA cDNA
clone containing the entire coding sequence was obtained by screening a Xgtl 1 library
from spinach with antibodies directed against spinach chloroplast carbonic anhydrase
(Fawcett et al., 1990).

Sequence analysis of the 1,156 base pair cDNA revealed an

open reading frame encoding a polypeptide containing 319 amino acids with a molecular
weigh o f34,569. Mature spinach CA has a predicted molecular weight of 24,133
(Fawcett et al., 1990). Later, chloroplast CA cDNAs were isolated from other C3
dicotyledonous plants including pea (Majeau and Coleman, 1991), Arabidopsis thaliana
(Raines et al., 1992), and tobacco (Majeau and Coleman, 1992).
As is the case for other chloroplast proteins encoded in the nucleus, chloroplast
CA contains an amino terminal transit peptide required for import of the protein into
v

14
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chloroplasts (von Heijne et al., 1989). However, the transit sequence is separated from
the mature protein by a domain which appears to be a-helical and contains a large
proportion of amino acid with acidic side chains. This domain is highly conserved in
dicots, and it is removed from the protein after transport. Its function is unknown.
The most abundant CA of C3 monocots, like that of C3 dicots, is localized in the
chloroplast. The deduced amino acid sequences of CA from the C3 monocots rice
(Suzuki et al., 199S) and barley (Bracey and Bartlett, 1995) show 74 % similarity to
those of the dicot CAs. This is surprising since chloroplast CAs from monocots and
dicots have different quaternary structure, inhibitor response, stability, and kinetics
(Atkins et al., 1972).
Several cDNA encoding cytosolic CAs also have been cloned (Fett and Coleman,
1994) and characterized. The amino acid sequence of the cytosolic CA from
Arabidopsis is 84.6 % identical to that of the mature polypeptide of chloroplastic CA. A
cDNA encoding a cytosolic CA was also cloned from Solanum tuberosum and
immunocytolocalization experiments confirmed its cytosolic compartmentation (Rumeau
et al., 1996). C4 plants contain a cytosolic CA in mesophyll cells. CA from the C4
dicotyledonous plant, Flaveria bidentis (Calvallaro et al., 1994) shows 70 % homology
with the chloroplast CA of C3 plants. The higher plant CAs characterized to date are
similar to the product o f the cyanate permease gene (cyril) of E. coli. These are now
grouped together in the P-family of carbonic anhydrases (Hewett-Emmett and Tashian,
1996).
Although the amino acid sequences of CAs from higher plants are very closely
related to each other (about 70% identity), they are very different from those of the
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mammalian isozymes and the Chlamydomonas reinhardtii periplasmic enzymes (CAH1
and CAH2). The Chlamydomonas CA. sequences do, however, have significant
sequence identity with the mammalian CA isozymes, especially residues in the active site
and the zinc ligands. The CAs similar to those from mammals and the periplasmic
enzymes o f Chlamydomonas are now grouped together in the a-CA family.
Previously, research in our lab has emphasized structural analyses of chloroplast
CA (Fawcett et al., 1990, Bracey et al., 1994). However, our interests turned toward
examination of expression patterns for chloroplast CA When I joined the lab, Sue G.
Bartlett and Michael Bracey had already isolated a S’truncated CA cDNA composed of
800 nucleotides from an Arabidopsis cDNA library and a 4 kb fragment containing the
CA gene from an Arabidopsis genomic library. The fragment containing the entire CA
gene was subcloned into Bluescript KS (Stratagene). In this chapter, I describe the
cloning o f a full length cDNA (1.3 kb) encoding Arabidopsis chloroplast CA,
identification of the transcription start site, and sequence analysis of the CA gene.
Materials and Methods
Screening for a CA gene and CA cDNA. A genomic library of DNA from
Arabidopsis thaliana (ecotype Landsberg erecta) cloned into the BamH I site of lambda
phage EMBL4 was obtained commercially (Promega). The library was screened using
spinach CA cDNA as a probe (Fawcett et al., 1990). A full-length cDNA encoding CA
was isolated from A.GEM-2 Arabidopsis cDNA library (Promega) using the portion of
the CA gene corresponding to the transit peptide as a probe. In each case, restriction
fragments were subcloned into Bluescript KS (Stratagene), and sequenced using a
modification of the Sanger method (Fawcett and Bartlett, 1990).
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Determination of the transcription start site. Primer extension (Sambrook et al.,
1989) was used to determine the transcription start site. To reduce the distance
traversed by reverse transcriptase, and minimize chances of encountering significant
RNA secondary structure, sequences flanking the translation start site (ATG) were
chosen as the target sequence of the primer. The primer of 35 nucleotides
(5 ’GGCGAAGAGAAGCGGTTGA ATACAGCTGG C3’) was synthesized by Genelab
at Louisiana State University. One hundred nanograms of primer were labeled using T4
polynucleotide kinase and five microcuries of [y-32P] ATP (ICN). The labeled primer
DNA was purified by both gel filtration on Sephadex G-SO and electrophoresis in a IS %
denaturing polyacrylamide gel. The labeled primer was recovered from the
polyacrylamide gel using the “crush and soak” technique (Maxam and Gilbert, 1977).
One hundred fifty micrograms of RNA were hybridized with 104 to 105cpm of the
labeled primer and then incubated with Superscript II Reverse Transcriptase (RNase IT;
GIBCO BRL) at S2°C to reduce RNA secondary structures. Extension products were
subjected to electrophoresis in a 5% denaturing acrylamide gel containing 7 M urea.
Northern blot. Total RNA was extracted from rosette leaves using the method of
Pawlowsld et al. (1994). Fifteen micrograms of total RNA isolated from leaves grown in
either ambient (330 ppm) or 1 % CO2, were separated by electrophoresis in a 1.2 %
agarose gel containing formaldehyde, and were then transferred to nitrocellulose. Blots
were hybridized with a-32P labeled CA, rbcS, or ubiquitin cDNAs, and then washed with
0.1X SSC at room temperature.
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Results
A full-length CA cDNA was isolated from an Arabidopsis thaliana (ecotype
Landsberg erecta) leaf cDNA library using DNA corresponding to the part of the gene
which encodes the CA transit sequence as a probe. The cDNA contains 1337
nucleotides. An open reading frame of 1012 nucleotides encodes a protein containing
336 amino acids (Figure 2.1). The sequence of this cDNA clone from the Landsberg
erecta cultivar is identical to that of a cDNA from the Columbia cultivar (Raines et al.,
1992; Fett and Coleman, 1994). The deduced amino acid sequence of the protein
encoded by the Arabidopsis thaliana CA cDNA has 74% homology with that of spinach
CA when conservative changes are taken into account.
The entire 4 kb fragment containing the CA gene from Arabidopsis thaliana
(Landsberg erecta) was sequenced (Kim et al., 1994) and submitted to Genbank
(accession number L147S0). Comparison of the genomic sequence with the full-length
cDNA sequence reveals nine exons and eight introns (Figure 2.2). All splicing junctions
between exons and introns are well conserved and follow the GT-AG rule (Mount,
1982). The intron between the first exon, which encodes the transit sequence, and the
second exon is the largest, consisting o f946 nucleotides. Each of remaining seven
introns is approximately 100 nucleotides in length. The S’-flanking region of the CA
gene contains sequences with homology to the G-box, GT-box, I-box, LRE and several
palindromic sequences (see Figure 4.2)
In spite of efforts to reduce RNA secondary structures, multiple transcription
start sites were obtained (Figure 2.3). Most transcripts begin with adenine, and all four
of the extension products obtained in this experiment here also start at adenine.
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A
1 GCGGCCGCAG
51 CTCACTCTCT
101 CTCTCTCCGG
151 CAGAAACTCT
201 CTCTTCTTCT
251 CGCTTATCCG
301 CCTTATTGGA
351 AGCTCTCAAG
401 CGGCAAAGGT
451 GACAAGAAAG
501 ATTCAAGAAG
551 CAAAGGGTCA
601 GTGTGTCCAT
651 CCGTAACATA
701 GCGTTGGAGC
751 ATTGTGGTGA
801 TTTCCCCTTA
851 AAATCTGTTT
901 GCCTTTGAAG
951 ACTAGCAAAC
1001 GAACACTTGC
1051 GAGCTTTGGG
1101 CAATCCATCA
1151 TTATCATCGT
1201 CTTTGACTGT
1251 TATAAAACAA
1301 ATGAACAATT

CTTCCATAAG
CTGATCTCCG
CTTCTTTCTC
CTCTTCGTAC
TCCTCATCTT
TAACGAGCCA
GTGAAGAGAT
AAGCTTCTCA
GGAGCAGATC
CTTTCGACCC
GAGAAATACG
AAGTCCTAAG
CACACGTTCT
GCCAACATGG
AGCCATTGAA
TAGGACACAG
GATGGAAACA
ACCAGCCAAG
ATCAATGTGG
CTATTGACAT
TTTGAAGGGA
GACTTGAATT
T CAT CAT CAT
ATATAATATA
GATGAGTTAT
AAAGGAAAAG
GTCTTTATTA

AGTCTTAGTT
CTTCTCTTCG
ACTTCACTTT
TTCTTCCACC
CCTCCTCCTC
GTTTTTGCCG
GGGAACCGAA
TCGAGAAGGA
ACAGCGGCTC
CGTCGAAACC
AAACCAACCC
TACATGGTGT
GGACTTTCAG
TTCCTCCTTT
TACGCGGTCT
TGCATGTGGT
ACTCCACTGA
TCAAAGGTTA
CCGATGTGAA
ATCCATTTGT
GGCTACTATG
TGGCCTCTCC
CATCATGACC
TATCTACCCC
CTCTCCCTCT
CAGATGATAT
TTTGTGTATC

CTAACTATAA
CCAACAAATG
CTCCTTCTCA
GTCGCTTGCC
GTCTTCCCGT
CTCCTGCTCC
GCATACGACG
AGAGCTAAAG
TTCAGACAGG
ATTAAGCAGG
TGCTTTGTAC
TTGCTTGTTC
CCAGGAGATG
CGACAAGGTC
TGCACCTTAA
GGGATCAAAG
CTTCATAGAG
TATCAGAACT
AGGGAGGCAG
GAGAGAAGGA
ACTTCGTCAA
GAAACTAGCT
ATCCATCATC
ATATGTAATT
CTACCAACTT
AGATCTTTCG
AAAAAAA

ATACACATAT
TCGACCGCTC
ATCTTCTCTC
TCCCACCCGC
TCCGTTCCAA
TATCATTGCC
AGGCTATTGA
ACGGTTGCAG
TACTTCATCC
GCTTCATCAA
GGTGAGCTCG
AGACTCACGT
CCTTCGTGGT
AAATACGGTG
GGTGGAGAAC
GGCTTATGTC
GACTGGGTCA
TGGAGATTCA
TGAATGTTTC
CTTGTGAAGG
GGGTGCTTTT
CTGTATGAAC
ATCATCATTA
TGTAATGTGC
TCTTCATATA
TGGTTTAATT

B
1
51
101
151
201
251
301

MSTAPLSGFF
RSVPTLIRNE
KTVAAAKVEQ
YGELAKGQSP
VKYGGVGAAI
EDWVKICLPA
GLVKGTLALK

LTSLSPSQSS
PVFAAPAPII
ITAALQTGTS
KYMVFACSDS
EYAVLHLKVE
KSKVISELGD
GGYYDFVKGA

LQKLSLRTSS
APYWSEEMGT
SDKKAFDPVE
RVCPSHVLDF
NIWIGHSAC
SAFEDQCGRC
FELWGLEFGL

TVACLPPASS
EAYDEAIEAL
TIKQGFIKFK
QPGDAFWRN
GGIKGLMSFP
EREAVNVSLA
SETSSV

SSSSSSSSSS
KKLLIEKEEL
KEKYETNPAL
IANMVPPFDK
LDGNNSTDFI
NLLTYPFVRE

Figure 2.1. The nucleotide sequence and the deduced amino acid sequence o f
cDNA encoding chloroplast carbonic anhydrase from Arabidopsis thaliana (ecotype
Landsberg erecta). A, nucleotide sequence. The translational start site is single

underlined and the stop codon is double underlined; B, deduced amino acid sequence.
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1 gtggtgatta tttaagatga gagcctgaga gggtaagtga aagaggctga
51 tcctggtttt catgataagg gaccttatcc tctaaacctt ctgagacctt
101 ttattttttt ataaaaaaaa gaattgaaag aagaaaagag cacgtaaaag
151 ttttgaaatc ttgagctaat attcctcatc cacaagaaaa gaagaaagtt
201 tgttattcac cgcagctatc gctttcgtta tcctcgttcc cacaacctca
251 ccatgaccat gagactccgt tcttttaaac tcccaaatct ttcaaccaat
301 cccATTATTC ACTTAAGTAT ATAGTAGCTT CCATAAGAGT CTTAGTTCTA
351 ACTATAAATA CACATATCTC ACTCTCTCTG ATCTCCGCTT CTCTTCGCCA
401 ACAAATGTCG ACCGCTCCTC TCTCCGGCTT CTTTCTCACT TCACTTTCTC
451 CTTCTCAATC TTCTCTCCAG AAACTCTCTC TTCGTACTTC TTCCACCGTC
501 GCTTGCCTCC CACCCGCCTC TTCTTCTTCC TCATCTTCCT CCTCCTCGTC
551 TTCCCGTTCC GTTCCAACGC TTATCCGTAA CGAGCCAGTT TTTGCCGCTC
601 CTGCTCCTAT CATTGCCCCT TATTGGgtat acatttttac attcatcact
651 gtttcttaac ctacattatt tcttacataa cttacattgc tgtttacgta
701 taataggggt acattacata gatagcaaac taaagttaca gaattttaaa
751 atttgtaaag attttacgaa attattatat agattctgca attgccattt
801 tagtgatagg aacaaaaatc ttctatagaa actagcttac gaaacttcca
851 caaatcttgg aaactgtcac atgtgtttca catttcagtt tttttttccc
901 ttggtatttc cttatattat ccttactatt atcatccgtg tttgactttt
951 ggtctttagc gtggtactga aagaattacc caaattaaca agaatcaaac
1001 taaagttgct taattagtga atcacttgca agggaagagt tcattttcag
1051 cttccaactt agcgtttcca aacttcatac ttttgtcctt attctataca
1101 gcctttattc ttcaaactac ttgcttcgac atctagtgaa gttaaaaaac
1151 aaatcacctc gaaatattaa aagcgttgtc tcattcctac ccaagatccg
1201 acatttttga aattttggga gttagaacgt acgtaggatc cacgtgataa
1251 aagaaaagtt gctgtagtag cttcaacaaa aacgattcat gaaactgaga
1301 cgtgtgtgta tgcacatgta catatgagag cgtgtggagc atagtggtgt
1351 taagtcgcca tctatattta ttcattcaac ctaccgattt ggttcctact
1401 agcgaaaata aaatcaatat ataaaagact ataaaattgt acttcatcgg
1451 ataatgaagt tctgaacagg ttgattgtag tttcaacatt taaaacacgt
1501 catgactcgc tctctactta attacgttca cgacaataaa atatactagt
1551 actcattttc ttctaatttt atttggtcaa ccaacttgca gAGTGAAGAG
1601 ATGGGAACCG AAGCATACGA CGAGGCTATT GAAGCTCTCA AGAAGCTTCT
1651 CATgtaagta tatcatcttt tctattcgca tgtatacatt aatacatgat
1701 tagattaata aaagctaaaa cattattata aattagtaac gggatttttc
1751 aatactactt aattcataat ttttgtgatt taactataaa tgatataaac
1801 atatggcagC GAGAAGGAAG AGCTAAAGAC GGTTGCAGCG GCAAAGGTGG
1851 AGCAGATCAC AGCGGCTCTT CAGACAGGTA CTTCATCCGA CAAGAAAGCT
1901 TTCGACCCCG TCGAAACCAT TAAGCAGGGC TTCATCAAAT TCAAGAAGGA
1951 GAAATACGtg taatatatat ttctatttca tttgtttctt cttaattatg
2001 tcaccaactt aagtggtcta gattaattaa ctggtccata tatatacttt
2051 aatatgcagA ACCAACCCTG CTTTGTACGG TGAGCTCGCA AAGGGTCAAA
2101 GTCCTAAGgt aaattaaaaa taaaactaat acatatgtat atatggttgc

Figure 2.2. The nucleotide sequence of a carbonic anhydrase gene from Arabidopsis
thaliana (Landsberg erecta). The sequences of exons are capitalized. The

translational start site is single underlined and the stop codon is double underlined
(Figure continted).
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2151
2201
2251
2301
2351
2401
2451
2501
2551
2601
2651
2701
2751
2801
2851
2901
2951
3001
3051
3101
3151
3201
3251
3301
3351
3401
3451
3501
3551
3601
3651
3701
3751

ttataattaa
atggtggtgc
ATCACACGTT
TAGCCAACAT
tctctctata
cttgactttt
tgggttgcta
ATACGCGGTC
ccaattttta
ttat tact gt
TGGGATCAAA
aaaatatctc
gatttattaa
TCATAGAGGA
TCAGAACTTG
GGtatacaaa
TTAGATCGAT
AATGTTTCAC
TGTGAAGGGA
GTGCTTTTGA
GTATGAacca
catcattatt
aatgtgcctt
tcatatatat
tttaattatg
tttatggttt
ctaccatact
tttcacattg
gatgaaactg
tttgaataaa
aataaggata
gatatccgga
cccatttagc

aaattaacat
agTACATGGT
CTGGACTTTC
GGTTCCTCCT
gatataaact
gtcttgagaa
attggcagGT
TTGCACCTTA
tttatttata
agGTGGAGAA
GGGCTTATGT
tatatccatt
atgagattag
CTGGGTCAAA
GAGATTCAGC
cacatgttca
GAGCTGATAT
TAGCAAACCT
ACACTTGCTT
GCTTTGGGGA
atccatcatc
atcatcgtat
tgactgtgat
aaaacaaaaa
aacaattgtc
gattttattt
acattggaag
tcaattcaat
gtttttgatt
aactaaaaaa
tccgggacgg
tccggtacca
taaaagccta

taagaaaaag
GTTTGCTTGT
AGCCAGGAGA
TTCGACAAGg
cttctatctt
gtcgtgacat
CAAATACGGT
AGgtgaaaaa
aaagtacatg
CATTGTGGTG
CTTTCCCCTT
ttattaaaat
taaaaaatat
ATCTGTTTAC
CTTTGAAGAT
ttaattcata
AAATGCTATT
ATTGACATAT
TGAAGGGAGG
CTTGAATTTG
atcatcatca
atatatatat
gagttatctc
ggaaaagcag
tttattattt
tctatgttgt
cagtaggaaa
aacaccaagt
ttacagaatt
aaaaaatcaa
gcggatccgg
ttaactacat
tatatttaa

taattaacaa
TCAGACTCAC
TGCCTTCGTG
ttaataattt
aaaccttctg
tgactttcta
GGCGTTGGAG
aaaacaaatt
taattaattt
ATAGGACACA
AGATGGAAAC
ttaatcaatt
atacgttaat
CAGCCAAGTC
CAATGTGGCC
tcttcaatct
GATAAATGCA
CCATTTGTGA
CTACTATGAC
GCCTCTCCGA
tcatgaccat
ctaccccata
tccctctcta
atgatataga
gtgtatcgaa
ttggtaggtt
ctgtttgaag
tgttgtttac
aaaatcttgg
aaaaaaatca
ataatgaaaa
gaaataaaaa
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aggtgtgtga
GTGTGTGTCC
GTCCGTAACA
aacacgtctg
cctcttgagt
ttttcatttt
CAGCCATTGA
aacacctgaa
ttgtatgaaa
GTGCATGTGG
AACTCCACgt
ttaataacag
tgcagTGACT
AAAGGTTATA
GATGTGAAAG
atagttagac
GGAGGCAGTG
GAGAAGGACT
TTCGTCAAGG
AACTAGCTCT
ccatcatcat
tgtaatttgt
ccaactttct
tctttcgtgg
atcggttgta
aaagatgtgg
ccttacccga
atgcagtctt
gggacagaaa
ttgaatcgta
aaatgaaccg
ggcttggaaa
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At present, it is not clear whether these products represent bonafid e multiple
transcription start sites, inefficient extension, or degradation of RNA. However, the
longest extension product also was the most abundant one obtained. Since the longest
extension product is an appropriate distance from the TATA and the CAAT boxes, it
likely represents the major, and perhaps only start site utilized in vivo.
Levels of transcripts for both CA and the small subunit of rubisco were
suppressed when plants were grown in I % CO2 (Figure 2.4). CA mRNA levels
dropped dramatically in response to high CO2 within 4 hours and continued to decline up
to 16 hours. After 40 hours in 1 % CO2, acclimation appears to occur since transcript
levels increase slightly. CA transcript levels returned to normal within 24 hours after
transfer from high CO2 to an ambient condition (Figure 2.4B). In contrast, the levels of
ubiqutin transcripts did not change in response to CO2 Discussion
Our CA cDNA sequence from the Landsberg erecta cultivar is identical to those
of cDNAs encoding chloroplast CA from the Columbia cultivar reported by two other
groups (Raines et al., 1992, Fett and Coleman, 1994). Conceptual translation of the CA
cDNA reveals an open reading frame encoding a precursor protein of 36.1 kD. Cleavage
of the precursor protein is predicted to yield a mature CA of 24.3 kD (Raines et al.,
1990).
Primer extension indicates that the CA transcript contains a 5’untranslated region
(UTR) of 101 nucleotides. Although there is no reported conserved sequence at the
transcription start site, the first base of an mRNA is usually adenine, flanked on either
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Figure 2.3. Primer extension for determination of the transcription start site. One
hundred fifty micrograms of total RNA were reverse-transcribed with 32P-labeled primer
and Superscipt II Reverse Transcripase (RNase IT). Primer extension products and a
sequencing reaction using the same primer and genomic DNA as the template were
subjected to electrophoresis in 5 % denaturing acrylamide gel containing 7 M urea. P,
primer extension; G, guanine; A, adenine; T, thymine; C, cytosine.
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B
1 2

3 4 5

CA
rbcS

Ubiquitin

Figure 2.4. Effect of CO2 on steady-state levels of CA transcripts. Fifteen
micrograms of total RNA isolated from leaves of Arabidopsis plants in air or 1% CO2
and subjected to electrophoresis in a 1.2 % agarose gel containing formaldehyde. The
RNAs were transferred to nitrocellulose. Blots were hybridized with a-32P labeled
carbonic anhydrase (CA) or small subunit of rubisco (rbcS) from Arabidopsis or
ubiquitin cDNAs from Altemantheraphiloxeroides then washed with 0.1X SSC at room
temperature.
A Total RNA isolated from leaves grown in air (lane 1) or in 1% CO2 (lane 2).
B. Total RNA isolated from leaves grown in air (lane 1), and leaves grown in 1 % C02
for 4 hours (lane 2), 16 hours (lane 3), 40 hours (lane 4 ), or 40 hours at 1 % CO2
followed by 24 hours air (lane S).
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side in the DNA sequence by pyrimidines. All four transcription start sites we obtained
fit this pattern.
The CA genomic clone contained 351 nucleotides of the promoter. Most
promoters have a TATA box, which has a consensus sequence of TATA(T/A)A(T/A),
located ~25 nucleotides upstream of the transcription startpoint. The TATA box also
tends to be surrounded by GC-rich sequences. A 5TTTTAAA3 ’sequence flanked by
GC residues is located 31 nucleotides upstream of the longest transcription obtained by
primer extension. The CAAT box is conserved in many promoters and it is often located
about 80 nucleotides upstream of the transcription start site, although it can function at
other distances. The CAAT box may also function in either orientation (Muller et al,
1988). A CAAT box in the reverse orientation, 5’GTTA3’, is located 77 nucleotides
upstream of the 5’ end of longest transcription. In addition to the TATA and CAAT
boxes, the promoter contains a GT-box, an I-box, two LREs, a G-box homologous
sequence, and two AT rich palindromic sequences. The G-box, GT-box, and I-box
motifs are reported to play roles in tissue-specific and light-modulated expression of the
small subunit of rubisco (rbcS). Since CA like rubisco, is localized in plastids, and since
levels o f CA and rbcS are positively correlated (Fett and Coleman, 1944), these elements
may also be important for appropriate temporal and spatial expression of CA A detailed
study of expression of the CA gene will be discussed in Chapter 4.
Growth of Arabidopsis plants in 1 % C02 results in a decrease in steady state
levels of CA mRNA The response to high CO2 can be detected within 4 hours, and
transcript levels are maximally inhibited after about 16 hours in 1 % CO2 . Similar results
were obtained by Coleman’s group. On the other hand, Raines et al. (1992) showed

R ep ro d u ced with p erm ission o f the copyright ow ner. Further reproduction prohibited w ithout p erm ission.

f

26

evidence that CA transcripts increase when plants are exposed to high CO2 - The reasons
for the difference between the results presented here and those of Coleman’s group, on
the one hand, and those of Raines et al (1992), on the other, are not clear. Long term
growth of some plants leads to declines in rubisco and CA activities (Porter and
Grodzinski., 1986). The results presented here, as well as those of Coleman’s group,
suggest that the decline in transcripts leading to the decline in activities of these enzymes
occurs within hours after plants are transferred to elevated CO2 .
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Chapter 3
Transgenic Arabidopsis Plants Expressing Carbonic Anhydrase in the Antisense
Orientation Require an Exogenous Fixed Carbon Source or Supplemental CO2 on
Murashige-Skoog Media.

Introduction

The supply of CO2 for photosynthesis depends on the diffusion of CO2 from the
atmosphere to chloroplasts. Carbon dioxide must diffuse from the atmosphere
surrounding a leaf to the carboxylation site of ribulose-l,5-bisphosphate carboxylase /
oxygenase (rubisco) for photosynthesis to occur. Since diffusion rates depend on
concentration gradients, appropriate gradients are needed to ensure adequate diffusion of
CO2 from the leaf surface to the chloroplast. Carbon dioxide diffuses from stomatal
pores to chloroplasts through substomatal cavities, intercellular air spaces, cell walls, cell
membranes and cytosols. Each portion of this diffusion pathway imposes a resistance to
CO2 diffusion, so the supply of CO2 for photosynthesis can be described as a series of
resistances (Jarvis, 1971).
Several enzymes are known to maintain sufficient concentrations of C02 for
rubisco in C4 plants. Since the zinc metalloenzynme carbonic anhydrase catalyzes the
reversible hydration of CO2 to bicarbonate through the following net reaction,
C02 + H20 ^ H2CO3 ^

HCO3*+ H*

CA has also been assumed to facilitate the diffusion of CO2 across the chloroplast
membranes in C3 plants, although this function has not been conclusively demonstrated.
Despite the relative abundance of CA in the leaves of higher plants, this enzyme is not
\
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well characterized. In recent years, CA has been cloned from spinach (Fawcett et al.,
1990; Burnell et al., 1990a), pea (Roeske and Ogren, 1990), Arabidopsis thaliana
(Raines et al., 1992; Fett and Coleman, 1994), tobacco (Majeau and Coleman, 1992),
barley (Bracey and Bartlett, 199S), maize (U08401), sorghum (H54986), and Flaveria
bidentis (CavaUaro et al., 1994). The sequences of the mature polypeptides of
chloroplast CAs exhibit homologies exceeding 70 %. These enzymes from higher plants
are quite different from mammalian CAs in both primary sequence and multimeric
assembly. It has been suggested that the active site structure of the plant CAs is
strikingly different from the animal forms (Bracey et al., 1994), although both enzymes
have similar mechanisms of action and kcat values of 10s-106 s*1per subunit (Rowlett et
al., 1994).
Higher plant CAs from both C3 and C4 plants are nuclear encoded proteins.
Chloroplast CA from C3 plants is synthesized as a larger precursor containing a transit
peptide for import into the organelle. Although most of the CA of C4 plants is located in
the cytosol of mesophyll cells (Burnell and Hatch, 1988), at least one isoform from maize
also contains a transit peptide. Furthermore, cDNA encoding a cytosolic CA has been
isolated from potato, and the corresponding protein has been purified from potato leaves
(Rumeau et al., 1996). A cDNA encoding a putative cytosolic CA in Arabidopsis also
has been cloned and sequenced (Fett and Coleman, 1994). It now seems clear that C3
plants contain a cytosolic CA; however, 85 % of CA activity in C3 leaves is localized in
the chloroplast stroma.
In mammals, seven isozymes of CA have been identified (Sly and Hu, 1995).
They differ in subcellular localizations, and can be cytoplasmic (CA I, n , III, and VII),
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glycosyl phosphatidylinositol anchored to the plasma membranes of specialized epithelial
and endothelial cells (CA IV), mitochondrial (CA V), or in salivary secretions (CA VI)
(Sly and Hu, 199S). They also differ in kinetic properties, susceptibility to inhibitors, and
tissue-specific distribution. In photosynthetic microalgae, CAs have been identified in
the cytosol, periplasm, and mitochondria (Fukuzawa et al., 1990; Sultemeyer et al.,
1993; Eriksson et al., 1996).
It has been suggested that the requirement for CA varies significantly among
photosynthetic organisms (Badger & Price, 1994). In C4 plants, the initial carboxylating
enzyme, phosphoenol pyruvate (PEP) carboxylase, uses HCCV rather than CO2 as a
substrate. To provide substrate for this reaction, the CO2 entering the mesophyll cells
from the atmosphere must be converted rapidly to HCO3' by CA. Therefore, CA is
required as the first enzyme in this pathway (Hatch and Burnell, 1990). Several studies
indicate that the activities of both PEP carboxylase and CA may be regulated tightly in
the mesophyll of C4 plants (Burnell et al., 1990b).
Since CA is an abundant enzyme localized primarily in the chloroplast stroma, it
is thought that CA in C3 plants might facilitate photosynthesis by stimulating transport of
C0 2 from air through the cytosol to rubisco. However, some studies have concluded
that photosynthesis is not limited by the transfer of CO2 into and across the chloroplast
(Price et al., 1994; Majeau et al., 1994). To define the role of CA in C3 plants the CA
inhibitor ethoxyzolamide has been used. A photoacoustic pulse-modulation technique
showed that the CO2 uptake signal in tobacco discs could be substantially suppressed by
ethoxyzolamide (Reising and Schreiber, 1994). The effects of ethoxyzolamide on peeled
and vacuum infiltrated leaf pieces of C3 and C4 plants showed that photosynthesis at

R ep ro d u ced with p erm ission o f th e copyright ow ner. Further reproduction prohibited w ithout perm ission.

30

limiting inorganic carbon was more severely inhibited in the C4 plants than in C3 plants
(Badger and Pfanz, 1995). However, effects of inhibitors were lower than expected.
Interpretation of inhibitor studies can be confounded by a lack of specificity as well as
failure to reach the target enzyme.
Two independent groups recently suppressed CA specifically in transgenic
tobacco using the antisense technique (Price et al., 1994; Majeau et al., 1994).
Transgenic tobacco plants grown on soil with CA levels as low as 2 % of wild type
levels were not morphologically distinct from the wild type plants. Furthermore the
antisense plants showed no measurable alteration in net CO2 fixation at ambient CO2
concentrations. The authors concluded that CA in C3 plants may simply aid in the
facilitated diffusion of CO2 through the cytosol and the chloroplast stroma. Therefore, it
was suggested that chloroplastic CA is either not required for efficient photosynthesis or
would only enhance CO2 assimilation by about five percent (Price et al., 1994).
Alternative roles of chloroplastic CA have been suggested, including proposals
that chloroplastic CA and the chloroplastic HCO3*pool might act to buffer against
transient pH changes in the stroma occurring as a result of rapid changes in the light
intensity available for photophosphorylation and that CA may play a role in the hydration
of compounds other than CO2 (Jacobsen et al., 1975). CA activity is found in a number
of non-photosynthetic tissues including N2-fixing root nodules, lipogenic tissues, and
thermogenic aroid spadices (Raven and Newman, 1994). However, CA’s function in
these cases also likely is to supply bicarbonate to prevent loss of fixed nitrogen or to
facilitate catabolism of fatty acids. Thus, a novel activity need not be invoked for these
non-photosynthetic CA’s.
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The failure of underexpression of CA to impact photosynthesis in transgenic
tobacco raises several questions. Why do C3 plants contain excess CA if only 2 % of
wild type levels is enough for full function? Are there roles for chloroplastic CA in C3
plants other than photosynthesis? Does underexpression of CA in other C3 plants have
an effect on photosynthesis? To address these questions, CA level was suppressed to
about 10 % that of wild type plants in transgenic Arabidopsis thaliana using the
antisense technique. These transgenic Arabidopsis plants show no morphological
differences from wild type controls on Murashige-Skoog (MS) media containing 2 %
sucrose at ambient CO2 levels. However, we find that these antisense plants are not able
to grow well or die in the absence of sucrose, which is the final product of
photosynthesis, whereas wild type plants grow well in media lacking sucrose.
Supplementation of exogenous CO2 is required to rescue the antisense plants on
Murashige-Skoog media lacking sucrose. In contrast to the results from transgenic
tobacco, these results from transgenic Arabidopsis imply that CA in C3 plants plays an
important role in carbon fixation.
Materials And Methods
Plant Growth. Arabidopsis thaliana wild type seeds (Wassilewskija [WS] purchased
from LEHLE Seeds) and antisense CA transgenic Arabidopsis seeds were sterilized and
sown in MS media containing either 2 % (GM) or 0 % sucrose (GMNC). Plants were
raised in a growth chamber in continuous light at 20-22°C in either ambient (0.03 %, v/v)
or elevated CO2 concentrations (2 %, v/v).
Cloning of the Carbonic Anhydrase cDNA. The Arabidopsis CA gene (Kim et al.,
1994) was used as a probe to clone the full-length CA cDNA from a XGEM Arabidopsis
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thaliana (Landsberg erecta) leaf cDNA library (Promega) as described in Chapter 2.
The cDNA contained the full length peptide coding region including the transit peptide
and was subcloned into the Bluescript KS (Stratagene) and designated pKS-ArabCA
DNA Construct for Antisense CA Expression. To construct the antisense CA, the

binary vector pBI121(Clontech) was digested by Sacl, blunt ended with mung bean
nuclease, and then digested with Xbal. A 1.3 kb EcoRV / Xbal fragment of pKSArabCA was transferred to the binary plasmid pBI121, replacing the P-glucuronidase
(GUS) gene. The resulting 12.4 kb plasmid, pBI-antiArabCA contained the neomycin
phosphate transferase II gene (NPTII) for antibiotic selection and the antisense CA gene
fused to the cauliflower mosaic virus (CaMV) 3SS promoter (Figure 3.1).
Arabidopsis thaliana Transformation and selection. The binary plasmid pBIantiArabCA was transformed into Agrobacterium tumefaciens LBA4404 and
transformants were selected for growth on kanamycin and streptomycin. Agrobacterium
mediated transformation o fArabidopsis thaliana (ecotype WS) chopped roots was
carried out essentially as described (Akama et al., 1992, Feldmann and Marks, 1986).
Kanamycin selection was maintained at SO mg/L for callus and shoots. Twenty different
antisense CA transgenic plants (Ro) were obtained. The seeds obtained from the Ro
generation of transgenic plants were sown on GMKm media (2 % sucrose and SO mg/L
kanamycin). R2 transgenic plants surviving on GMKm media were selected and
designated as lines S, 9,14, 26 and 28.
Immunoblotting. Crude protein extracts were prepared from 10 day old rosette leaves
by grinding with extraction buffer (SO mM Tris-HCl, pH 8.0, 1 mM EDTA, 100 mM
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Figure 3.1. Construction of the antisense CA transgene. A 1.3 kb fragment
encoding the full-length CA cDNA from Arabidopsis thaliana was transferred to the
binary plasmid pBI 121 replacing the fl-glucuronidase gene. P**, nos promoter; NPT n,
neomycin phosphotransferase H; nos 3’, nos terminator; P o m v , cauliflower mosaic virus
35S promoter; TP, transit peptide; P, Pstl; H, HindN,X, Xbal, E, EcoRI; R, EcoRV.
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NaCl, 10 mM DTT). One hundred micrograms of leaf crude extract from wild type and
the five transgenic lines were separated on a 12 % SDS-PAGE gel and electroblotted to
nitrocellulose. Blots were successively incubated with a rabbit polyclonal antibody
directed against spinach carbonic anhydrase (Fawcett et al., 1990) and horse radish
peroxidase conjugated anti-rabbit goat IgG (Sigma). Immunoreactive species were
visualized by chemiluminescence.
CA Activity Assay. CA activity was determined at room temperature according to the
spectrophotometric method o f Khalifah (1971). Each assay contained 0.S ml of 25 mM
(N-(2-Hydroxyethyl) piperazme-N’-3-propane sulfonic acid (EPPS, pH 8.0) and 0.113
mM phenol red in a cuvette, followed by the addition of CA extract. The reaction was
initiated by the addition of CO2 saturated water, and the change in absorbance (As55) of
the indicator was recorded as a function of time. An acid calibration curve was used to
calculate the buffer factor (Q) which was then used to convert dA/dt to millimoles of
CO2 per second per milligram protein. Initial rates of CO2 hydration were determined by
extrapolating back to time zero from a linear sampling time. The hydration rate
measured using boiled protein extracts from wild type Arabidopsis was considered
spontaneous and subtracted as uncatalyzed background.
Genomic Southern unblot. Genomic DNA was isolated following the plant tissue
protocol of the Pure Gene DNA isolation kit (Pure Gene) and purified further by phenol
extractions and high salt TE precipitation. Five hundred nanograms of genomic DNA
from both wild type and antisense-CA plants were digested with Pstl and separated on a
0.7 % agarose gel. After denaturation and neutralization, the gel was dried and used
directly for hybridization (Wallace and Miyada, 1987). The CaMV 35S promoter of was
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digested with Xbal and HindSXL, and a radioactive probe was made by random pruning.
The gel was hybridized at 62°C for 16 hours and washed with 0. IX SSC at room
temperature, and then exposed to X-omat AR film (Kodak).
Results
Selection of antisense CA transgenic Arabidopsis thaliana. pBI-antiArabCA was

introduced into chopped roots o f Arabidopsis thaliana (WS) by Agrobacterium
mediated transformation. Genomic Southern blots (Figure 3.2) show that the antisense
CA construct was incorporated into the genome of transgenic plants, but is not present
in the wild type. Five independent antisense transgenic Arabidopsis plants were selected
by screening several such blots. Antisense CA-9 plants show a single copy insertion
(lane 2, Figure 3.2), antisense CA-5, CA-26, and CA-28 plants show triple insertions at
different positions (lane 1,4, and 5, Figure 3.2), and antisense CA-14 plants show four
insertions (lane 3, Figure 3.2).
Expression of CA in transgenic Arabidopsis. The suppression of CA expression in the
five different antisense transgenic plants selected for study was initially characterized
qualitatively by Western blots (Figure 3.3). Our polyclonal antibody raised against
spinach CA (Fawcett et al., 1990) nonspecifically recognized the large subunit of
rubisco in addition to CA in the crude extract of wild type, so these bands provide a
good internal marker. The immunoblot of total soluble protein from wild type tissue
shows two different CA polypeptides at 30 IcD and 26 kD (Figure 3.3) whereas neither
the 30 kD nor the 26 kD polypeptide was visualized in extracts from antisense transgenic
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Figure 3.2. Genomic Southern blot analysis of antisense plants. Five hundred
nanograms of genomic DNA from wild type Arabidopsis (WT) and antisense CA-5 (lane
1), CA-9 (lane 2), CA-14 (lane 3), CA-26 (lane 4), and CA-28 (lane 5) transgenic plants
were digested with P stl and hybridized with a radiolabeled CaMV 3SS promoter. Lane
M contains lambda DNA digested with HindUL
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plants CA-9, CA-26, and CA-28 (lanes 2 ,4 and 6, Figure 3.3). The 26 kD polypeptide
was not visualized in blots of antisense CA-5 while the 30 kD polypeptide was
expressed at levels comparable to the wild type (la n e l, Figure 3.3) and antisense CA-14
showed residual expression of the 30 kD polypeptide (la n e 3 , Figure 3.3). These results
show that expression of CA was substantially inhibited in four different antisense CA
transgenic plants and expression of chloroplast CA was selectively suppressed in
antisense CA-S.
CA activity assays. The antisense CA-5 and CA-14 plants which had multiple T-DNA
inserts showed higher CA activity (35~38 % of wild type levels) than the other
transgenic antisene Arabidopsis lines. CA activities from the remaining three antisense
CA plants were suppressed severely. Antisense CA-9 and CA-28 had the lowest CA
activity (9—12 %). Assays based on the method o f Wilburand Anderson (1948) gave
similar results (data not shown). On average, the activity measurements correlate well
with the Western blot data.
Phenotypic difference between antisense and wild type plants. Although more than
90 % of CA activity was suppressed in antisense transgenic Arabidiopsis plants, neither
morphological differences nor developmental alterations were observed between wild
type and antisense plants grown on germination media (GM), a typical MS media
containing 2 % sucrose (Panel A, Figure 3.4). These results are in agreement with
previously published data for antisense CA transgenic tobacco (Price et al., 1994,
Majeau et al., 1994). However, we found that antisense CA-9, CA-14, CA-26, and CA28 plants grow poorly or die at early stages on the same media without sucrose (GMNC)
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A

B

Figure 3.3. Western blot analysis of protein extracts from wild type and transgenic
plants. One hundred micrograms crude protein extracts of leaves from wild type (lane
WT) and antisense CA-5 (lane 1), CA-9 (lane 2), CA-14 (lane 3), CA-26 (lane 4), and
CA-28 (lane S) transgenic plants were separated on a 12 % SDS-PAGE gel and stained
with Coomassie blue (Panel A) or electroblotted to nitrocellulose and reacted with a
polyclonal antibody against spinach CA (Panel B).
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Table 3.1. CA activity of wild type and antisense CA transgenic Arabidopsis plants
(R 2). CA activity was determined according to the spectrophotometric method o f
Khalifah (1971).

mmol / sec mg

S. D.

% activity

Wfld Type

8.83

1.21

100

Antisense CA-S

3.10

0.17

35

Antisense CA-9

1.08

0.62

12

Antisense CA-14

3.37

0.14

38

Antisense CA-26

1.89

1.57

21

Antisense CA-28

0.82

0.56

9
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whereas control transgenic Arabidopsis harboring only a GUS gene insertion and wild
type plants grow normally (Panel B, Figure 3.4).
Antisense CA plants require the supplementation o f sucrose or CO2 for survival.

The dependence on sucrose of the antisense CA-9 transgenic plants was further tested
since this line harbored a single copy insertion and exhibited the lowest CA activity. We
raised both antisense CA transgenic plants and wild type controls in ambient CO2 on MS
media containing different concentrations of sucrose. In sucrose free media (0 %), wild
type plants grew well with slightly yellowish leaves, but all transgenic plants died soon
after germination (Figure3.5). On media with 0.2 % sucrose, wild type plants grew
better than on media lacking sucrose, whereas most transgenic plants stopped growing
three to four days after germination and died. In 0.5 % sucrose media, wild type plants
looked very green and healthy, and all germinated transgenic plants grew well but leaf
size was 20-30 % smaller than that of wild type (Figure 3.5). On media containing more
than 0.8 % sucrose, wild type and transgenic plants were indistinguishable (Figure 3.5).
Antisense plants on GMNC could also be rescued by elevated CO2
concentrations. All antisense CA-9 plants (R3) showed kanamycin resistance on GMKm,
containing 50 mg/1 kanamycin and 2 % sucrose, while wild type Arabidopsis plants died
on the same media (Panel A, Figure 3.6). In ambient CO2 concentrations (0.03 %), wild
type plants could survive well in the absence o f sucrose, but most antisense plants died in
the same conditions and all of them died in the absence of sucrose and the presence of 50
mg/1 kanamycin (Panel A, Figure 3.6). In the elevated levels of CO2 (2 %), antisense
CA plants resembled wild type plants and both grew well on sucrose free media
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B. GMNC media

Figure 3.4. The comparison of antisense transgenic plants with wild type
Arabidopsis in either the presence (GIVE) or the absence (GMNC) of sucrose.
1, antisense CA-5; 2, antisense CA-9; 3, antisense CA-14; 4, antisense CA-26;

5, antisense CA-28; WT, wild type control.
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Figure 3.5. The test for the dependency on sucrose of the antisense CA-9
transgenic plants. Antisense CA-9 transgenic plants and wild type controls were
raised in ambient CO2 on MS media containing different concentrations of sucrose (0,
0.5 and 1.5 %). WT, wild type; Anti, antisense CA-9 transgenic plants.
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A. In ambient CO2 chamber
GMKm
WT
Anti 9

GMNC
WT
Anti 9

GMNCKm
WT
Anti 9

B. In high CO2 chamber (2 %).
GMNC
WT Anti 9

GMNCKm
WT
Anti 9

Figure 3.6. The comparison between wild type and antisense CA-9 transgenic
plants in either ambient (0.03 */•) or elevated (2 */•) level o f CO* Wild type and

antisense CA-9 were raised on GMKm (SO mg/1 kanamycin and 2 % sucrose), GMNC
(no sucrose), and GMNCKm (SO mg/1 kanamycin and no sucrose) in ambient 0.03 %
(Panel A) or elevated 2 % CO2 concentration (Panel B)
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(Panel B, Figure 3.6). Antisense plants were able to survive even in the absence of
sucrose and the presence of kanamycin with an elevated CO2 concentration (2%).
Discussion

Five independent lines of Arabidopsis have been obtained which harbor antisense
transgenes for the precursor to the chloroplastic carbonic anhydrase. These plants all
display reduced levels of CA protein as judged by Western blots (Figure 3.3) and contain
less extractable CA activity than wild type plants (Table 3.1). Some antisense plants
also appear to contain less of the cytosolic CA. The chloroplast and cytosolic CAs in
Arabidopsis are very similar. The mature proteins show 76.9 % identity at the DNA
level and 84.6 % identity at the protein level. This may be sufficient homology for the
antisense construct to suppress expression of both genes. When grown in ambient
atmospheres in the presence of exogenous fixed carbon, antisense plants resemble wild
type controls in all aspects of physiology and development examined (Panel A, Figure
3.4). Though these results are in agreement with previous antisense CA work (Price et
al., 1994; Majeau et al., 1994), it was surprising that the virtual elimination of an enzyme
as abundant and conserved as carbonic anhydrase could result in no noticeable
phenotype. Since CA is thought to play a role in carbon fixation, it was possible that if
the true phenotype of our antisense plants was masked by the 2 % sucrose in the growth
media, as sucrose is a final product of photosynthesis. To test this notion, we withdrew
sucrose from the growth media and raised the antisense plants on GMNC instead.
After the elimination of sucrose from the GM media, most, but not all, antisense
Arabidopsis plants died although other control transgenic plants and wild type plants
thrived (Panel B, Figure 3.4). Similar variations were reported for plants expressing
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antisense rbcS or antisense rubisco activase plants (Mate et al., 1993; Furbank and
Taylor, 199S; Mark, 1995). Tobacco plants expressing an antisense rubisco activase
cDNA showed two phenotypes at ambient COz. Half of seedlings grew like wild type,
and the other half grew very slowly and had yellow green leaves. High COz (0.3 ~ 0.5
%) was required for restoring photosynthestic activity of these plants although the level
of carbamylation was not increased by high COz (Mate et al., 1993). Antisense rbcS
transgenic tobacco grew well if grown under conditions of a high nitrogen supply and
moderate irradiance, but photosynthesis decreased dramatically under more extreme
growth conditions such as low COz concentration, strong irradiance, or a lack of
nitrogen (Mark, 1995).
Titration experiments revealed that 0.5 % sucrose is required for the survival of
antisense plants (Figure 3.5), though under these conditions the plants remained smaller.
It was difficult to distinguish wild type and antisense CA plants grown in media
containing more than 0.8 % sucrose. These results indicate that CA may play an
essential role in carbon metabolism which can be duplicated by an exogenous supply of
sugars.
As mentioned earlier, it has been previously suggested that CA facilitates C02
diffusion to the active site of rubisco by establishing a concentration gradient from the
atmosphere to the chloroplast. If this hypothesis is true, these data support the notion
that CA aids in carbon fixation and a lack of the enzyme can be complemented with
exogenous sugar. This hypothesis also predicts that a lack of the enzyme could be
complemented by artificially raising the COz concentration gradient by increasing
atmospheric C02. We tested this prediction by supplementing C02 (Panel B, Figure
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3.6). In atmospheres of 2 % CO2 , our antisense lines survived even in the absence of
exogenous sugars. Presumably, this level of CO2 provides a concentration gradient steep
enough for this substrate to reach rubisco and for efficient carbon fixation to occur. This
result demonstrates for the first time a requirement for CA in carbon fixation among C3
plants
Antisense plants on carbon free MS media face several stresses: the depletion of
CA activities, a lack of the carbon source and possibly reduced aerobic respiration in
roots. When we added another stress, kanamycin, antisense plants died even earlier
possibly because plants must utilize ATP to phosphorylate the antibiotic (Panel A
Figure. 3.6). As a result, we conclude that we could see the morphological differences
between antisense CA plants and wild type plants because much harsher conditions were
imposed on the antisense plants used in the present study, (including depletion of carbon
sources, possible inhibition of the root aerobic respiration, and kanamycin in the media)
than were imposed by previous group (Price et al., 1994; Majeau et al., 1994).
As alternative substrates for rubisco, C02and O2 compete for reaction with
ribulose 1,5-bisphosphate, since carboxylation (photosynthesis) and oxygenation
(photorespiration) occur within the same active site of the enzyme (Lorimer, 1981).
Photorespiration in C3 plants contributes to both carbon and nitrogen metabolism.
When photorespiration is reduced in C3 plants either by increasing ambient levels of CO2
or reducing levels of O2 , both the yield (vegetative dty matter) and nitrogen use
efficiency are enhanced (Oaks, 1994). Additionally, plants grown in an atmosphere
enriched with CO2 have a lower leaf mineral content, as well as lower activity of CA and
rubisco (Porter and Grodzinski, 1984). CA may exert its physiological effects either by
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increasing the carboxylation reaction, decreasing photorespiration, or a combination of
both. At this time distinction is impossible to draw.
Previous results from studies of antisense CA transgenic tobacco suggested that
CA in C3 plants may simply aid in the facilitated diffusion of CO2 through the cytosol
and the chloroplast stroma (Price et al., 1994, Majeau et al., 1994). It was further
suggested that chloroplastic CA was either not required for efficient photosynthesis or
would only enhance CO2 assimilation slightly. Results presented in this study support
the idea that CA facilitates CO2 diffusion from the atmosphere to the chloroplast.
However, the death of antisense CA plants on the MS media in the absence of an
exogenous fixed carbon source or supplemental CO2 suggests that the contribution of
CA to photosynthesis is much greater than was previously proposed. Therefore, CA
must play an important role in the photosynthetic fixation of carbon.

f
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Chapter 4
Regulation of Transcription o f the CA Gene and Isolation o f a cDNA Encoding a
Novel DNA Binding Protein that Recognizes AT-Rich Palindromes
Introduction

In C3 plants, the 0-CA in the chloroplast stroma is an abundant enzyme,
representing 0.5-2 % of total soluble leafprotein. Although there is no argument that
chloroplastic CA facilitates CO2 diffusion, the contribution of CA to photosynthesis has
been thought to be minimal (Majaeu et al., 1994, Price et al., 1994). However, in my
experiments, transgenic Arabidopsis plants under-expressing the chloroplast fl-CA could
not grow on MS media lacidng a fixed carbon source, unless provided with supplemental
exogenous CO2 - Thus, my results suggest that the stromal CA in C3 plants plays an
important role in facilitating photosynthesis (Chapter 3).
Expression of CA1 localized in the chloroplast stroma is regulated by light (Fett
and Coleman, 1994), CO2 (Majeau and Coleman, 1996), ozone and methyl jasmonate
(Orvar et al., 1997). There may be some co-ordinate regulation of expression of stromal
CA and the small subunit of rubisco under various growth conditions (Majeau and
Coleman, 1994), although conflicting results have also been reported (Price et al., 1994).
A cytosolic CA isoform, possibly with no role in photosynthesis, lacks a transit peptide
and is not regulated by light (Fett & Coleman, 1994).
Since the 351 nucleotide fragment of the Arabidopsis CA1 promoter of the gene
encoding the chloroplast fl-CA contained a number o f sequence elements known to play
a role in light-mediated, organ specific and/ or developmental patterns of gene
48
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expression (Terzaghi and Cashmore, 1995), it might possibly drive appropriate
expression of a reporter gene. The 351 nucleotide fragment plus the 5’UTR of the CA
mRNA were cloned into the binary vector pBHOl upstream of the GUS reporter gene
(Jefferson et al., 1987). As expected, when plants were transformed with this construct,
leaf specific expression of GUS was obtained.
The chloroplast CA1 promoter was progressively deleted from the 5’ end and
monitored the ability of each promoter to drive expression of the GUS gene in transgenic
Arabidopsis plants. Results of this analysis reveals that two AT-rich palindromic
sequences in the promoter play an important role in regulating expression of the CA1
gene. Using affinity methods, we isolated a 37 kD protein that bound each AT rich
palindrome sequence in vitro. Finally a cDNA encoding a novel protein that binds these
sequences in vitro was isolated. The protein contains two putative C2/C2 zinc fingers
and four CCHC retroviral type zinc fingers.
Materials And Methods
Plant Growth. Arabidopsis thaliana, Wassilewskija (WS) seeds were purchased from
Lehle. Wild type and transgenic plants were grown under continuous light at 20-22°C.
Construction of GUS Fusion and Transformation of Arabidopsis. Deletions of the
CA promoter were made by use o f either Bal 31 exonuclease or restriction sites. The
various promoter constructs were cloned into pBIlOl (Clontech) upstream of the 0glucuronidase (GUS) gene. Except as noted below, all transcripts (>361, -235, -209, 171, -133, and -27 nts; see figure 4.1) contained the 5’ UTR and the translational start
site of the CA mRNA In two cases (-177 nts and -133 nts), the 5’ UTR of CA was
replaced with the TEV translational enhancer (Carrington and Freed, 1990). Each
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plasmid was used to transform Agrobacterium lumafaciens. A. tumafaciens LBA4404
was used for transformation of root segments cultured m vitro while strain
pGV3101pMP90 was used for vacuum infiltration (Bent et al., 1994).
GUS Assays. GUS activity was assayed m vitro using 4-methyl-umbellifery-P-Dglucuronide (MUG) as substrate (Jefferson, 1987). Tissues were ground in lysis buffer
containing SO mM sodium phosphate, 10 mMEDTA, 0.1 % Sarkosyl, 0.1 % Triton X100, and 10 mM P-mercaptoehanol. One hundred micrograms of extracts were
incubated with MUG for 30 minutes and diluted with 0.2 M Na2C0 3 , and the
fluorescence of the 4-methylumbelliferone product was read by a Hoeffer TKO-100
Minifluorometer. Histochemical localization of GUS enzyme activity was carried out
using 5-bromo-4-chloro-3-indoIyl-3-D-glucuronide (X-Gluc) as described by Jefferson
(1987).
Gel shift assays. A partially purified extract of positively charged protein from leaves of
turnip green, broccoli or cabbage was prepared by chromatography of crude extracts on
immobilized heparin. Gel mobility shift assays were performed as described (Carey,
1991; Sorger et al., 1989). The binding buffer contained 20 mM Hepes (pH 7.9), 60
mM KC1, 1 mM MgCfe, 12 % glycerol, 0.1 % Nonidet P-40, 1 mM DTT and 20 pM
ZnCl2, 0.5 ng of 32P-labelled DNA, lpg of salmon sperm DNA, 1 pg of poly[d(I-C)]
and up to 3 pg o f protein in a volume of 20 pi. After incubation at room temperature for
30 min, samples were subjected to electrophoresis in 5 % non-denaturing polyacrylamide
gel. Dried gels and were exposed to films and radioactivity was visualized by
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I. -361 nts

GAATTCCCGG
ATCTTTCTATATGTATACCACAAACAAATGGCCTAACATATAAAG
TGGGTGGTGATTATTTAAGATGAGAGCCTGAGAGGGTAAGTGAA
GT-box
2. -235nts

AGAGGCTGATCCTGGTTTTCATGATAAGGGACCTTATCCTCTAAA
I-box

LRE

LRE

3. -209nts

CCTTCTGAGACCTTTTATTTTTTTATAAAAAAAGAATTGAAAGAA
AT-1P
4. -171nts

S. -133nts

GAAAAAGAGCACGTAAAAGTTTTGAAATCTTGAGCTAATATTCCT
7.-171nts-Tev

- G-box

8. -133nts-Tev

CATCCACAAGAAAAGAAGAAAGTTTGTTATTCACCGCAGCTATC
TA-1P

GCTTTCGTTATCCTCGTTCCCACAACCTCACCATGACCATGAGAC
CAAT box
-31

6. -27nts

+1

TCCGTTCTTTTAAACTCCCAAATCTTTCAACCAATCCCATTATTCA
TATA box

CTTAAGTATATAGTAGCTTCCATAAGAGTCTTAGTTCTAACTATA
AATACACATATCTCACTCTCTCTGATCTCCGCTTCTCTTCGCCAAC
+102

+108

AA ATG TCG A

Met Ser
Figure 4.1. Nucleotide sequence of the S’-flanking region of chloroplast carbonic
anhydrase from Arabidopsis thaliana.
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A
-361

I

GT I

-235

-209

-170

2LRE AT1-P

-133

~G

-27

+102 +108

TA-1P CAT TATA

~1

ATG

B
GT - Box
I- Box (GATA)
G - Box
AT-1 Box
Light responsive
elem ent (LRE)

rbcS & Cab
AGTGPuA3PuA
ATGATAAGG
CACGTG
ATAsTAATT
AAACCTTATC

CA
a g t g a 3g a

ATGATAAGG
CACGTA
ATAtGAATT
1.
ACCTTATC
2.AAACCTTCTG

Figure 4.2. Sequence motifs in the CA promoter.

A. A simplified diagram for the location of box sequences in the CA promoter
B. Comparison of the box sequences of the CA promoters with those in the rbcS and
Cab promoters
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autoradiography. The oligonucleotides used in these assays were double stranded ATIP (5’GACCTTTT ATTTTTTTATAAAAAAAGAATT GAAAG3’) and TA-1P
(5’CCACAAGAAAAGAA GAAAGTTTGTTATTCACCGC3 ’).
Affinity Purification of an AT-1P binding protein. The AT-IP oligonucleotide
(5’GACCTTTTATTTTTTTATAAAAAAAAGAATT GAAAG3’) and its complement
were labeled with biotin and immobilized on avidin agarose (Francillard et al., 1987).
Proteins eluting from immobilized heparin column were preadsorbed onto avidin-agarose
and the elute applied to the immobilized AT-1P DNA After extensive washing, bound
protein was eluted with 2 M NaCl.
Cloning and Expression of an AT-IP binding protein. An expression library
constructed from Arabidopsis thaliana Columbia cDNA in XZAP (D’Alessio et al.,
1992) and provided by the Arabidopsis Biological Resource Center (ABRC) was
screened for proteins binding AT-1P(+/-). The double-stranded oligonucleotide probe
used for screening was generated by annealing the two complimentary synthetic single
stranded oligonucleotides AT-1P(+) (5’GACCTTTTATTTTTTTATAAAAAAA
GAATTGAAAG3 ’) and AT-1P(-) (5TCTTCTTTCAATTCTTTTTTTATAAAAA
AATAAAAGGTC3’) and then end-filling with [a-32P]-dATP using the Klenow
fragment of DNA polymerase I. After labeling, concatemers were formed by incubating
the oligonucleotides with T4 DNA ligase. A single positive clone was isolated from a
screen of 10s plaques. The cDNA was purified using in vivo excision following the
method by GIBCO BRL. Sequencing revealed a partial clone o f853 nucleotides. The
entire open reading frame of cDNA was obtained by 5’ RACE (rapid amplification of
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cDNA ends) PCR following the manufacturer’s protocol (Boehringer). The 5’ RACE
products were cloned into pGEM-T (Promega) and sequenced.
Southwestern B lot Expression of both a partial and a full length cDNA clone of AT-

1P binding protein was induced with 1 mM IPTG in E. coli strain DH10B(ZIP) and
BL21/DE3 (Novagen), respectively. Cells were incubated for 3-5 hours at 30°C after
induction and then were lysed by sonication. Twenty micrograms of soluble protein
were subjected to electrophoresis in a 12 % SDS-PAGE. Proteins were transferred to
nitrocellulose, and incubated with end-filled double stranded AT-1P (+/-) using the same
binding buffer as described for the gel mobility assay. After a brief wash with binding
buffer, the gel was exposed for autoradiography.
Results
GUS Assay. The CA gene contains 462 nucleotides upstream of the start codon (Kim
et al., 1994). Primer extension showed that the CA transcript contained 101 nts of S’
UTR. The 361 nucleotides of the CA promoter contain TATA and CAAT boxes at -31
and -77 nucleotides, respectively. The CA promoter gene contains sequences with
homology to the G-box, the I-box (Giuliano et al., 1988), the GT-box (Green et al.,
1987), two LRE (light responsive elements), AT-rich sequences, and several other
palindromic sequences (Figure 4.2). One of the LREs is immediately downstream o f the
I-box, and sequences at the 3’ end of the I-box and the S’ end of the LRE constitute a
palindrome. LREs of other promoters are usually found just upstream of the TATA box
(Grob and Stuber, 1987).
Eight different transgenic Arabidopsis plants containing six variable S’-deleted
promoters, the CaMV promoter, or no promoter fused upstream of the GUS reporter
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gene were analyzed for GUS expression in planta and in vitro. Deletion of the GT-box
or the I-box decreased GUS activity three fold (Figure 4.3). However, elimination of
either of the LREs or the G-box like element had little effect on GUS expression. In
contrast, deletion of the AT-1 palindromic sequence (AT-1P) resulted in a large decrease
(12-fold) in GUS expression (Figure 4.3).
In order to histochemically detect weak expression of the -177 and -133
promoters, the TEV translational enhancer was utilized (Carrington and Freed, 1990).
The CA 5’UTRs of the -177 nts and -133 nts in these constructs were replaced with the
TEV 5’NTR (Figure 4.4). Histochemical staining of leaves from transgenic plants
containing each of these constructs showed leaf specific GUS expression. This suggests
that the TA-1P element is sufficient for leaf specific gene expression.
DNA-Protein interaction. Since deletion o f AT-IP resulted in a 12-fold decrease in
GUS expression and TA-IP conferred leaf specific expression of GUS, evidence was
sought that trans-acting factors bind these elements. Heparin-binding fractions from
turnip green, broccoli, and cabbage contained protein(s) capable of binding the two
different AT-rich palindromic sequences (Figure 4.5). AT-1P and TA-IP competed with
each other in the gel mobility shift assay (Figure 4.6) suggesting that the same protein(s)
binds to each. Affinity chromatography of protein from turnip green on immobilized
AT-IP yielded a 37 kD protein (Figure 4.7). This protein bound both AT-P and TA-IP
in gel mobility assays (Figure 4.8).
Isolation of AT-IP Binding Protein. The cDNA encoding an AT-IP binding protein
was obtained using Southwestern screening and 5’RACE. Conceptual translation of the
cDNA revealed an open reading frame encoding a protein of356 amino acids with a
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Mean MU
nmol / mg min
Positive control: CaMV (Potent & nonspecific expression)
CaMV 35S Promoter

GUS

-361 nts
-361

-H

+102

i . ____
GT I LRE

1- .L
AT-l

-G

pATp

25,883

GUS

-235 nts

i

- K— -I

8,139

■

-209 nts

L--
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-ZEE3

7,683

•i

626

-171 nts

i
-133 nts

i

___________________

1
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Figure 4.3. Summary of GUS activity in transgenic plants containing various CA
promoter constructs.
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Figure 4.4. Map of constructs with a tobacco etch virus (Tev) translational
enhancer and histochemical GUS assay.
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A T-IP

T A -IP

CTWB

CTWB

r

Figure 4.5. Gel mobility shift assay with positively charged Brassica proteins
purified by heparin affinity. A partially purified extract of positively charged protein
from leaves of turnip green (T), broccoli (B), cabbage (W) was prepared by
chromatography o f crude extracts on immobilized heparin. The binding buffer contained
20 mM Hepes (pH 7.9), 60 mM KC1, 1 mM MgCl2, 12 % glycerol, 0.1 % Nonidet P-40,
1 mM DTT and 20 pM ZnCl2, Ipg of salmon sperm DNA, 1 pg of poly[d(I-C)] and up
to 3 pg of protein in a volume of 20 pi. After incubation at room temperature for 30
min, samples were subjected to electrophoresis in 5 % non-denaturing polyacrylamide
gel. The gel was dried and the labeled complex was visualized by autoradiography. C,
negative control containing no protein.
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Random

Figure 4.6. Competition assay. Three micrograms of an extract partially purified by a

heparin column from leaves of turnip green was incubated with O.S ng of 32P-labelled in
the presence of S-fold, 25-fold and 100-fold molar excess of unlabelled competitors. The
binding buffer contained 20 mM Hepes (pH 7.9), 60 mM KC1, 1 mM MgCl2, 12 %
glycerol, 0.1 % Nonidet P-40, 1 mM DTT and 20 pM ZnCl2, lpg of salmon sperm
DNA, 1 pg of poly[d(I-C)]. After incubation at room temperature for 30 min, samples
were subjected to electrophoresis in 5 % non-denaturing polyacrylamide gel. The gel
was dried and the labeled complex was visualized by autoradiography. -, negative
control without protein; +, positive control with protein but without competitor.
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Figure 4.7. DNA affinity chromatography. AT-IP oligonucleotides and its
complements were labeled with biotin and immobilized on avidin agarose. Proteins
eluting (H) from the heparin column were preadsorbed on avidin-agarose and the elute
(A) applied to the immobilized AT-IP DNA. After extensive washing, bound protein
was eluted with 2 M NaCl (D).
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Figure 4.8. Gel mobility shift assay with p37. One half nanograms of 32P-labelIed TAIP DNA was incubated with p37 purified by affinity chromatography on immobilized
AT-IP DNA and 1.5 (HI.5) or 6.0 (H6.0) micrograms of a partially purified extract
purified by a heparin column. After incubation at room temperature for 30 min, samples
were subjected to electrophoresis in 5 % non-denaturing polyacrylamide gel. The gel
was dried and the labeled complex was visualized by autoradiography. C, negative
control containing no protein.
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Figure 4.9. Southwestern blot analysis. Expression of a partial cDNA clone of AT-IP
binding protein was induced with 1 mM IPTG in E Coli strain DH10B(ZIP). Cells were
incubated for 3 hours at 30°C after induction and then were lysed by sonication.
Twenty micrograms of soluble proteins were subjected to SDS-PAGE. Proteins were
transferred to nitrocellulose, and incubated with 32P-Iabeled double stranded AT-IP with
the same binding buffer as described for the gel mobility assay. After a brief wash with
binding buffer, the gel was exposed for autoradiography
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A
1 TCTTTTTTTT
51 AACAACCGAC
101 TTTCAAGCCC
151 TTTGGTCCTA
201 GGGAAGAGGT
251 TAGACTGCCC
301 TTGGGGGATT
351 GAAAGCTAGA
401 ATAATTTAGA
451 CAGTCACCAA
501 TCTCAATGCC
551 GTGATCCAGT
601 GGAACACCAG
651 CAGTAACCCT
701 AGTTTTACTG
751 CCAGAACTAG
801 CGGGAAAGGC
851 CTAAAGGCAT
901 GGTCACAACA
951 CAGTGGTGAA
1001 GTGGGTTCTG
1051 CAAGTTTCAG
1101 TTTATTTGGT
1151 CCGACAAGTC
1201 ATCACTTGAG
1251 AACTGAAGTG

TTTCTTTAAC
AGATGGGTTA
AGGTTCATAT
ACGGTCAGTA
TATACTTCAT
TCAATGCAAA
GTGTCATATG
TCCAGTTCTC
GATAAAGTTC
CTCCTGAAGT
AAAACTGGAC
GCTTCATGCT
CTGCTAGAAA
GTAAACCGTG
CAAGAACTGT
GCACTAATGC
CACAACCGTA
TTCCACTAGG
GCAGAACATG
AATTCCGGGG
CAAGAAAATG
ACAGTGATTC
TAGGCTTGGT
CTTTTTAGCG
TCCCGATTGG
AGTTTGACCA

AACGATGGTT CAGTTTCATC
TGATCCTTCA GAGGAACTCT
CTGGTGATTC GCGTGAACCC
TATCCGAGAG CTTCCTTGTC
GTTCAAATTG CGGAATCGAG
GGAAAGGGCA TAATGACTTG
GGAAGAATCA ATCGATGAAC
CATTTAGAGT AAAGGAGGAT
AGTAAAAGGC GAAAATCGAA
TGGACAAAAG ATCAGCCGAT
TTTTTAGTAA GCGCATGAAG
CAAAGAGTAG CTGCAATTAA
GCATGCATCC GAATCTATGA
AACAGAGAAG CCTATCTATG
GGACAGGAAG GCCATAGACG
GGACAGAAAA TTTAGATGTC
GAACTTGTCC TAAGTCGAAA
TATCACAAAT GTGGAATATG
CCGGAAGCCG ACCGGAGTGA
AAGATGGTGT TGGTAAAATA
GGACATAATG TAAGAACCTG
TTGTTTAGAG CAAGAAGGTT
TTTGCTATTG AAGCTGAAAT
GATGGATATT TCGGGTTTAT
TCTTTTTTGA ACTATCTAAA
AAAAAAAAAA A

TTCCAGACAA
TTGGTGTTGA
AAGGTCATGG
CAAATTGTAG
AGGTCGCGAT
TCTCAGATGT
GACCTTGGGA
GATGAGGTTG
GCGGATTTAT
CTCTAAAAAG
ATTATACATC
GAAAGCTAAA
AAGCTTTCTT
AAAGGAACTA
CCATTACTGT
GGGGTTGCGG
TCAATAGTCA
CGGTGAGAGA
ATCCTAGTTG
ACGTATGCTT
TCCAAGTAAG
CTTGAACCTG
AACCCAATCA
AATCGGACCA
CTCAAACAAA

B
001
051
101
151
201
251
301
351

MVQFHLPDKTTDRWVMILQRNSLVLISSPGSYLVIRVNPRSWFGPNGQYI
RELPCPNCRGRGYTSCSNCGIERSRLDCPQCKGKGIMTCLRCLGDCVIWE
ESIDERPWEKARSSSPFRVKEDDEVDNLEIKFSXRRKSKRIYQS PTPEVG
QKISRSLKSLNAKTGLFSlCRMKIIHRDPVLHAQRVAAIlOaiKGTPAARKH
ASESMKAFFSNPVNREORSLSMKGTKFYCKNCGOEGHRRHYCPELGTNAD
RKFRCRGCGGKGHNRRTCPKSKSIVTKGIS TRYHKCGICGERGHNS RTCR
KPTGVNPSCSGENSGEDGVGKITYACGFCKKMGHNVRTCPSKOVSDSDSC
LEQEGS

Figure 4.10. Nucleotide sequence and deduced amino acid sequence of AT-1P
binding protein.

A. A cDNA sequence encoding of AT-IP binding protein. The translational start site is
single underlined and the stop codon is double underlined.
B. Deduced amino acid sequence of AT-IP binding protein. C2/C2 zinc fingers are
underlined, CCHC zinc fingers are double underlined, and nuclear localization
sequence are in bold italic.
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molecular weight o f37,663 (Figure 4.10). The deduced amino acid sequence shows the
AT-IP binding element is highly positively charged (K, 9.3 %; R, 9.8 %; H, 2.8 %) and
serine rich (10.1 %). Interestingly, the protein contains two types o f zinc finger motifs.
Four retroviral type CCHC zinc finger motifs are found near the C-terminus. This type
of zinc finger is found in the mammalian transcription factor CNBP which contains seven
CCHC motifs and binds single stranded DNA in the c-myc promoter (Michelotti et al.,
1996). Two C2/C2 zinc finger motifs are near the N-terminus although these zinc fingers
contain smaller loops (7 or 8 amino acids instead of 13) than the consensus C2/C2 zinc
finger. Three potential nuclear localization sequences (KRRK, KRMK, KKAK) are also
found in middle of polypeptide.
Discussion
Like most genes encoding chloroplast proteins, expression of the gene encoding
the chloroplast 3-type CA is regulated by light and is tissue-specific (Fett and Coleman,
1944). Light-regulated promoters contain several cw-elements which modulate their
expression. Positive and negative c/j-elements usually have been identified by serial
deletions of the light-regulated promoters fused with reporter GUS genes. Some of
these motifs have been shown to play roles in tissue specific and light modulated
expression of the small subunit of rubisco (Green et al., 1987; Giuliano et al., 1988).
The GT-box has the broad consensus sequence: G/T-A/T-GTG-Pu-A/T-AA-ATT-PuA/T (Green et al., 1988; Kuhlemeir et al., 1988). The AGTGAAAGA sequence at -268
nts of the CA promoter has high homology with the GT-box sequence of pea rbc-3A
The CA promoter also contains an I-box at -240 nucleotide. I-boxes, also called GATA
motifs, which are common light regulatory elements (Giuliano et al., 1988).
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Another light-regulatory motif, the G-box consists of the consensus CACGTG. The CA
promoter contains a G-box-like element, CACGTC at -163 nucleotides. The CA
promoter has two AT-rich palindromic sequences. The first AT-rich sequence located at
-200 nucleotides has homology with the AT-1 element (Datta and Cashmore, 1989),
although the AT-1 element is not palindromic. Thus, the AT-rich sequence in the CA
promoter as the AT-1 palindrome (AT-1P). The second AT-rich sequence, located
upstream of the CAAT box, is designated the partial TA-palindrome (TA-IP). AT-rich
sequences are found in numerous light-regulated promoters and can function as a
positive or negative element (Czamecka et al., 1992; Castresana et al., 1988).
Although many of the c/s-sequences appear to play a role in expression of genes
encoding chloroplast proteins, attempts to identify a specific regulatory element have not
always yielded clear cut results. This led Terzaghi and Cashmore (199S) to suggest that
a combination of elements results in light-regulated gene expression. Deng and his
colleagues reported that a combination of the GT1-, G-, I-boxes, and Z-DNA forming
sequences (Ha and An, 1988) conferred light responsiveness in the correct cell type and
developmental context, but that individual motifs could not (Puente et al., 1996). Most
light-regulated promoters remain light responsive until deletions to -2S0 nucleotides or
less (Terzaghi and Cashmore, 1995). Progressive deletion of most light-regulated
promoters often results in gradual loss of both reporter activity and light responsiveness.
Progressive deletion of the CA promoter in the study reported here also follows this
general trend.
Deletion of the GT-box and the I-box of the CA promoter resulted in a three-fold
decrease in activity of the GUS reporter. Deletion of the two LREs or the G-box like
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element had little effect on GUS expression. On the other hand, deletion of AT-IP
decreased GUS activity so dramatically (12-fold) that expression o f GUS could not be
detected histochemically (Figure 4.3). The TA-1P sequence (-133 nts), located just
upstream of CAAT box (-77), showed minimal GUS expression with substrate using the
in vitro assay, but expression could not be detected histochemically. Replacement of the
CA 5’ UTR with the TEV 5’NTR translation enhancer in the -177 or the -133 constructs
led to detection of GUS expression specifically in leaves (Figure 4.4). Therefore, our
results suggest that both AT-1P and TA-1P play important roles in leaf specific
expression of the CA promoter. Deletion o f a 33 bp AT-rich element in the promoter of
the gene encoding chloroplast glutamine synthetase also led to a dramatic (10-fold)
decrease in promoter activity (Tjaden and Conizzi, 1994).
AT-rich sequences are commonly found in light-regulated promoters. The 3AF1
sequence (AAATAGATAAATAAAAACATT) in the pea rbcS3 A promoter, boxl
(GACATA GAAATCAAAAT TGTATAAATTCAAAAA) in the gene encoding of the
chloroplast glutamine synthetase from pea (Tjaden and Coruzzi, 1994), the PEI box
(GAAATAGC AAATGTTAAAAATA) in the phytochrome A3 gene promoter of oat
(Nieto-Sotelo et al., 1994), and the ATcom sequence (AAAAATAATATTAATAT
TATATTGAAA) of the soybean heat shock promoter Gmhspl7.5E (Czamecka et al.,
1992) all have been identified as positive elements. The AT-1 box (CTTAATATA
TTTTTAATTATTTTTATTCTCTTAA) in the tomato rbcS3A promoter is a positive
element (Ueda et al.,1989) whereas the same sequence is a negative element in the N.
plumbaginifolia CabE promoter (Castresana et al., 1988). Other AT-rich sequences are
found in the rubisco activase promoter (CAATATTAAGTATTG) (Orozco & Ogren,
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1993) and from the soybean leghemoglobin c3 promoter (GATATATTAATATTTTA
TTTTATA) (Laursen et al., 1994).
Several AT-rich DNA binding proteins (ATBP) have been isolated previously.
The amino-terminal domain o f ATBP-1 (Tjaden and Coruzzi, 1994) is glutamine rich and
thus is a potential transcriptional activation domain. The carboxy-terminal domain
consists o f five GRP (Gly-Arg-Pro) motifs or “AT-hooks” found in mammalian highmobility group (HMG-I/Y) DNA binding proteins which bind AT-rich double-stranded
DNA (Reeves and Nissen, 1990). The GRP motif binds AT-rich DNA in the minor
groove and alters the conformation and thermal stability of AT-rich regions of DNA
(Lehn et al., 1988; Reeves and Nissen, 1990). The ATBP-1 can bind to AT-rich DNA
sequences found in many promoters from different species (Tjaden and Coruzzi, 1994)
such as the pea rbcS promoter (Lam et al., 1990), the tobacco CabE promoter (Datta
and Cashmore, 1989), the pea ferredoxin-1 promoter, the wheat emb promoters
(Pederson et al., 1991) and the soybean Gmhspl7.5E promoters (Czamecka et al.,
1992). Thus, it was suggested that an ubiquitous AT rich DNA binding protein acts on
multiple promoters from many plant species (Tjaden and Coruzzi, 1994). The binding of
ATBP-1 to AT rich sequences was inhibited by phosphorylation. (Tjaden and Coruzzi,
1994; Datta and Cashmore, 1989). A second AT rich DNA binding protein that has
“AT-hooks” has been identified in rice. The rice protein interacts with the oat
phytochrome A3 gene promoter. This protein contains four repeats of the AT hook
DNA binding motif and a histone HI domain at the N-terminus (Nieto-Sotelo et al.,
1994). A third AT-rich DNA binding protein binds to 3AF1 site (5’AAATAGATAAA
TAAAAACATT) of the pea rbcS-3A promoter (Lam et al., 1990). This protein has two
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repeats of Cys-X2-Cys-Xu-His-Xi2-Cys (Lam et al., 1990). Since an I-box or GATA
motif is embedded in the 3AF1 sequence, it is not dear which elements in this sequence
confer transcriptional enhancement or bind the zinc finger protein.
Gel shift assays using AT-IP and TA-IP from the CA promoter show that all of
the members of the Brassicaceae examined contain protein(s) that bind these elements
(Figure 4.S). Results of competition assays suggest that the same protein(s) binds both
AT-IP and TA-IP (Figure 4.6). These results were confirmed by demonstrating that a
37 kD protein isolated using AT-1P as an affinity ligand shifted the mobility of either
AT-IP or TA-IP in vitro (Figure 4.8).
Conceptual translation of a cDNA encoding an AT-IP binding protein yielded a
37.6 kD protein. The protein is positively charged, serine rich, and contains two
different types of zinc finger motifs. Near the amino terminus are two potential C2/C2
zinc fingers. The C2/C2 motifs are followed by four potential retroviral type CCHC zinc
fingers. In addition to the conserved Cys-X2-Cys-X4-His-Xi-Cys, the CCHC motif
usually contains an aromatic residue at position 2, charged residues at positions 3, 12,
and 13, glycines at positions 5 and 8, and proline at position 15 (Tzfati et al., 1995).
Most or all of the CCHC motifs of AT-1P binding protein contain the conserved residues
at positions 5, 8, 12, and 15 (Figure 4.11). Finally, three nuclear localization sequences
(KRRK, KRMK, and KKAK) are near the middle of the AT-1P binding protein
suggesting that it is localized in the nucleus.
C2/C2 zinc fingers can mediate either protein-protein or protein DNA
interactions. For example, the C2/C2 zinc fingers of a nucleoporin from rat liver
(Sukegawa and Blobel, 1993) and of proteins that regulate expression of nitrogen
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Figure 4.11. Conservation of CCHC zinc finger motifs. 29 CCHC motifs from 6
proteins are compared.
A. Arabidopsis AT-1P binding protein (AT-IP), Homo sapiens CNBP, Crithidia
fasciculata UMSBP, Leishmania major HEXBP, Nicotiana sylvestris RZ-1, and
Arabidopsis glycine-rich protein (GRP) are aligned.
B. Summary o f the amino acid conservation. X, any amino acid; <t>. hydrophobic
residues; +, positively charged residues; -, negatively charged residues.

R ep ro d u ced with p erm ission o f th e copyright ow ner. Further reproduction prohibited w ithout p erm ission .

70

responsive genes (Jarai et al., 1992) are DNA binding domains. On the other hand, a
sequence specific activator of serendipity delta, which controls bicoid gene expression
during oogenesis in Drosophila, contains a C2/C2 zinc finger motifthat is outside the
DNA binding domain and is required for protein dimerization (Payre et al., 1997)
CCHC zinc fingers were originally identified as RNA binding motifs in retroviral
nucleocapsid proteins. The CCHC zinc finger motif is found in combination with two
other RNA recognition motifs, RNP1 and RNP2 (Burd and Drefiiss, 1994), in several
proteins such as the product of the heterochronic UN-28 gene in C. elegans (Moss et al.,
1997), two plant GRP2 homologues (de Oliveria et al., 1990), and RZ-1 (Hanano et al.,
1996) from Nicotiana sylvestris. All but RZ-l contain the RNP1, RNP2, and two
CCHC zinc finger motifs. RZ-1 contains RNP1, RNP2, and a single CCHC zinc finger
motif. LIN-28 protein is localized in the cytoplasm and thus is hypothesized to interact
with mRNA products of downstream genes and regulate their expression posttranscriptionally. The function of RZ-1 is unknown, but it is localized in the nucleus.
RZ-1 binds poly(G) in vitro. However, mutagenesis studies revealed that the RNP1 and
RNP2 domains and a glycine-rich region, but not the CCHC zinc finger, of RZ-1 mediate
poly(G) binding in vitro (Hanano et al., 1996).
DNA binding proteins that contain CCHC zinc finger motifs also have been
identified. The universal minicircle sequence binding protein (UMSBP) from the
protozoan Crithidiafasciculata contains five CCHC zinc finger motifs and is localized in
the mitochondrion. This protein binds single-stranded DNA (5’GGGGTTGGTGTA3’)
in a sequence-specific manner, but also binds RNA non-specifically. The Leishmania
hexamer binding protein (HEXBP), which contains nine CCHC zinc fingers motifs,
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specifically binds single-stranded DNA with the sequence 5’CTCGCC3\ The function
of either of these protozoan proteins in vivo is unknown. On the other hand, cellular
nucleic acid binding protein (CNBP), which contains 7 CCHC zinc fingers, clearly is a
positive modulator of expression of the c-myc gene (Michelott et al., 199S). CNBP
binds the purine-rich opposite strand of the CT-element of the c-myc promoter. Another
protein, hnRNPK, specifically recognizes the CT-element (Michelott et al., 1996).
AT-IP binding protein is intermediate between the RNA binding proteins and the
DNA binding proteins in the number of CCHC zinc finger motifs. Of the CCHC zinc
finger proteins identified to date, RNA binding proteins have one or two copies of the
CCHC motif, whereas DNA binding proteins have five to nine copies of the CCHC
motif However, RNA binding proteins containing CCHC motifs also contain other
RNA recognition motifs such as RNP-1 and RNP-2. AT-IP does not contain any RNA
recognition motifs and so interaction with RNA is likely not the function of AT-IP
binding protein in vivo. On the other hand, even though AT-IP binding protein contains
fewer repeats of the CCHC motif than any other CCHC zinc finger protein that binds
DNA, our results clearly show that AT-IP binding protein binds DNA in vitro (Figure
4.9). Although double-stranded oligomers were used in our initial screen for AT-IP
binding protein, it is possible that the AT-rich duplexes melted while filters were
incubated with the probe. At present we do not know whether DNA binding of AT-IP
binding protein is mediated by the C2/C2 zinc fingers, the CCHC zinc fingers, or both.
Progressive deletion of the S’ end of the promoter of the gene encoding CA1
reveals that AT-IP is a strong positive m-element (Figure 4.3). Furthermore, the
presence of the TA-IP alone was sufficient to drive leaf-specific expression of the GUS
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reporter, albeit weakly. It is hypothesized that the function of AT-IP binding protein is
to act as a positive fra/is-acting factor regulating leaf-specific expression o f the CA1
gene. This hypothesis is based on the fact that AT-IP binding protein is expressed in
leaves, that it is likely to be localized in the nucleus, and that AT-IP binding protein
binds AT-IP and TA-IP in vitro.
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Chapter 5
Conclusions

The goals of the research presented in this dissertation were to investigate the
function and expression of the carbonic anhydrase localized in the chloroplast stroma.
Transgenic plants expressing the CA cDNA in the antisense orientation behind the
CaMV 3SS promoter showed a clear morphological phenotype. They grew poorly or
died on media lacking sucrose, bur they could grow on this media in an environment
containing supplemental carbon dioxide. These results clearly indicate that the
chloroplastic CA plays a role in carbon metabolism in C3 plants. Measurement of the
CO2 compensenation point of the antisense plants could provide evidence of the extent
to which photosynthesis is impaired if CA activity is low. Results presented here also
demonstrate that elevated carbon dioxide leads to a rapid decline in steady state levels of
CA transcripts. At present we do not know whether this decrease is due to a decrease in
transcription initiation or degradation of transcripts. Attempts could be made to use the
truncated promoterGUS fusions to assay for CCVregulated expression of the CA
promoter. However, it is possible that the stability of GUS would be problematic in
these assays.
Expression of CA was analyzed in transgenic plants in which various promoter
constructs deleted at the S’ end were fused to the gene encoding P-glucuronidase. These
analyses revealed that an AT-rich palindrome, AT-IP, is an important c/s-acting element
in the CA promoter. Expression of CA remained leaf specific when a only single ciselement, designated TA-IP, was 5’ to the CAAT and TATA boxes. Taken together
73

i
I ________
R ep ro d u ced with p erm ission o f the copyright ow ner. Further reproduction prohibited w ithout p erm ission.

74

these data suggest that AT-rich sequences play important roles in regulating high level
and leaf-specific expression of CA.
Using AT-IP as a probe, a clone expressing an AT-IP binding protein was
obtained. Conceptual translation of the full-length cDNA revealed a protein containing
two amino terminal C2/C2 zinc finger motifs followed by four retroviral type CCHC zinc
finger motifs. The AT-IP binding protein appears to be unique among proteins in the
Genbank databases. No other protein appears to contain this combination of zinc finger
motifs. Future studies of this protein will be required to demonstrate that it actually does
bind zinc. Other future studies might include construction of mutant proteins to
determine whether the C2/C2 or CCHC zinc fingers mediate DNA binding. In addition,
gel mobility shift assays could be used to identify a consensus sequence for AT-IP
binding protein and to determine whether the protein preferentially binds single stranded
DNA as does CNBP.
If AT-IP binding protein is a positive regulator of expression of CA, it should be
localized in the nucleus. The protein could be localized immunologically. Alternatively,
the cDNA encoding AT-IP binding protein could be fused to a reporter such as Bglucuronidase or green fluorescent protein. This product could easily be localized using
standard histochemical methods.
CNBP, the only CCHC zinc finger protein known at present to be a
transcriptional activator, regulates expression of the c-myc promoter. Another protein,
hnRNPK, binds the CT-element and CNBP binds the opposite strand. Affinity
chromatography using AT-IP binding protein as a ligand, or the two-hybrid system,
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could be used to identify possible partners of AT-IP that bind the GC rich strand
opposite AT-IP.
Finally, it is possible that AT-IP plays a role in regulating expression of other
genes encoding chloroplast proteins. Antisense plants overexpressing AT-IP binding
protein in the reverse orientation could be constructed and assayed for expression o f CA
rbcS, and other message encoding chloroplast proteins.
In summary, research presented in this dissertation clearly demonstrated that the
stromal CA plays a pivotal role in carbon assimilation in C3 plants. This research also
led to identification of a novel protein that could play an important role in regulating
expression of CA. Although some questions regarding the function and expression of
CA have been answered, there clearly are many more avenues of research to be explored
before we folly understand how expression of this protein is regulated.

i
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